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General introduction and 
outline of this thesis
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18
Intellectual disability
Intellectual disability (ID), previously referred to as mental retardation, is a 
disorder characterized by impaired intellectual and adaptive functioning. ID is 
diagnosed when a person meets the following criteria: (1) subaverage intellectual 
functioning defined by an IQ below 70, (2) significant limitations in adaptive be-
havior in at least two of the following (a) conceptual skills like language, money, 
time, (b) social skills like interpersonal skills, social responsibility, ability to fol-
low rules, (c) practical skills like personal care, occupational skills, use of the 
telephone, (3) an onset before 18 years of age (AAIDD, 2011;APA, 2000). ID is 
usually subdivided in classes of severity according to IQ range, as shown in Table 
1 (WHO, ICD-10 classification).
Table 1. Classes of ID.
ID class IQ range Description
Mild  50-69
Moderate 35-49
Severe  20-34
Profound <20
Mental age from 9 to under 12 years. Likely to result in some 
learning difficulties in school. Many adults will be able to work 
and maintain good social relationships and contribute to society.
Mental age from 6 to under 9 years. Likely to result in marked 
developmental delays in childhood but most can learn to deve-
lop some degree of independence in self-care and acquire ade-
quate communication and academic skills. Adults will need vary-
ing degrees of support to live and work in the community.
Mental age from 3 to under 6 years. Likely to result in continu-
ous need of support.
Mental age below 3 years. Results in severe limitation in 
self-care, continence, communication and mobility.
Source: International Statistical Classification of Diseases and Related Health Problems 10th Revision (ICD-10), 
World Health Organisation, 2010
The worldwide prevalence of ID is estimated to be 1-2% (Maulik et al., 2011). 
ID can be caused by many environmental and genetic factors like premature 
birth, prenatal infections, chromosomal abnormalities, or single-gene mutations. 
Furthermore, it can manifest as nonsyndromic ID where it is the sole recognizable 
symptom, or as syndromic ID where it is accompanied by additional mental and/
or physical features. The distinction between these two forms is often blurred, 
demonstrated by the fact that mutations in an increasing number of genes give 
rise to both classes of ID (Frints et al., 2002;Kleefstra and Hamel, 2005). To date, 
there are approximately 450 genes known to be involved in ID (Inlow and Res-
tifo, 2004;van Bokhoven, 2011), and many of them can be grouped into common 
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pathways by functional properties. Due to the high prevalence and lifelong medi-
cal implications, it is important to gain insight into the disrupted molecular path-
ways underlying ID, in order to be able to develop potential therapeutic strategies. 
A genetic cause of ID, by chromosomal copy number change, was first found 
in 1959, when it was discovered that Down syndrome was caused by an extra 
copy of chromosome 21 (Lejeune et al., 1959). Down syndrome is the most preva-
lent genetic form of ID, followed by common microdeletion 22q11.2, Williams-
Beuren syndrome, Fragile X syndrome, Cohen syndrome, and monosomy 1p36.3 
(Rauch et al., 2006). Most of these syndromes are caused by deletion of multiple 
genes. Fragile X syndrome however, was one of the first forms of ID caused by 
a genetic defect affecting a single gene (Verkerk et al., 1991). Since then, many 
more ID causing genes were found due to improved detection techniques, like 
array comparative genomic hybridization, single-nucleotide-polymorphism geno-
typing arrays, and massive parallel sequencing (Mefford et al., 2012). The grow-
ing number of ID genes that encode proteins involved in epigenetic regulation of 
gene transcription has captured a lot of attention lately (Nelson and Monteggia, 
2011;van Bokhoven and Kramer, 2010). Accordingly, epigenetic mechanisms are 
clearly involved in learning and memory processes (Day and Sweatt, 2011a). Well 
known examples of ID syndromes with mutations in epigenetic genes include 
Rett, Rubinstein-Taybi, CHARGE, and Down syndromes (van Bokhoven, 2011). 
However, the focus of this thesis is on the more recently identified Kleefstra syn-
drome, that is also caused by mutations in an epigenetic regulator gene (Kleefstra 
et al., 2006a). 
Kleefstra syndrome
Less than 20 years ago, there was a first report of a patient with a cytogeneti-
cally visible terminal deletion of 9q34.3 (Schimmenti et al., 1994). Short thereaf-
ter, there was a second report of a patient with a similar deletion and features, 
and the authors asked themselves whether deletion of 9q34.3 could constitute 
a clinically recognizable phenotype (Ayyash et al., 1997). Indeed, Stewart et al. 
reported in 2004 on 17 patients with subtelomeric deletions of 9q34 and a consis-
tent phenotype (Stewart et al., 2004). Almost all patients had a, clinically recogniz-
able, distinct facies, intellectual disability, and motor delay. Detailed breakpoint 
mapping narrowed the commonly deleted region to about 1.2 Mb, that contained 
14 known transcripts (Stewart et al., 2004). This was further limited to a region 
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within 1 Mb from the 9q telomere end with 8 genes (Harada et al., 2004), and to a 
700 kb region with only two genes: EHMT1 and CACNA1B (Yatsenko et al., 2005). 
Finally, Kleefstra et al. described a patient with clinical features similar to the 
9q34.3 deletion syndrome that had a de novo balanced translocation disrupting 
the EHMT1 gene as well as ZNF81 on the X chromosome (Kleefstra et al., 2005). 
Definitive evidence for the causal role of EHMT1 haploinsufficiency was shown by 
two patients with an EHMT1 mutation, whose phenotypes were indistinguishable 
from patients with submicroscopic deletions (Kleefstra et al., 2006a). In addition, 
a patient with clinical features not resembling the 9q deletion phenotype, had 
an interstitial deletion at 9q34.3 that did not encompass the EHMT1 (Kleefstra 
et al., 2006b). The name 9q34.3 subtelomeric deletion syndrome was commonly 
used, until the term 9q subtelomere deletion syndrome, 9qSTDS, was introduced 
(Stewart and Kleefstra, 2007). However, some parents disliked this name due to 
other meanings of the term STD. In April 2010 the name “Kleefstra syndrome” 
was adopted by OMIM (#610253) (Kleefstra et al., 2010). The most recent update 
reported on 29 newly diagnosed patients, of which 16 had a 9q34.3 microdele-
tion and 13 an EHMT1 mutation, bringing the total to 112 individually described 
patients (Willemsen et al., 2012). 
Kleefstra syndrome (KS) is caused by haploinsufficiency of the Euchromatin 
histone methyltransferase 1 (EHMT1) gene (Kleefstra et al., 2005;Kleefstra et al., 
2006a;Kleefstra et al., 2009). Core features include moderate to severe ID, general
developmental delay, childhood hypotonia and characteristic craniofacial features 
like micro- and/or brachcephaly, hypertelorism, flat facies, midface hypoplasia, 
synophrys, arched eyebrows, anteverted nares, short nose, open mouth with 
protruding tongue, everted thicker lower lip, thin upper lip (Fig 1) (Stewart and 
Kleefstra, 2007;Kleefstra et al., 2010). A complex pattern of other findings can 
also be observed including heart defects, renal/urologic defects, genital defects 
in males, severe respiratory infections, epilepsy, sleep disturbances, absence of 
speech, autistic-like features in childhood, and extreme apathy or catatonic-like 
features after puberty (Kleefstra et al., 2010). The syndrome has been identified 
worldwide, in all ethnic groups, and in both males and females.  
KS is caused by microdeletion of 9q34.3 in about 75% of cases, and 25% by 
intragenic EHMT1 mutations (Kleefstra et al., 2010). No phenotypic differences 
were revealed when analyzing patients with either a microdeletion or an EHMT1 
mutation (Kleefstra et al., 2009) Furthermore, there was no indication that a big-
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ger deletion, encompassing more genes, led to a more severe phenotype, confirm-
ing that the EHMT1 gene is the major determinant for KS (Kleefstra et al., 2009). 
All KS cases are reported to be de novo, except for two familial cases in which 
both mothers were shown to have somatic mosaicism for interstitial 9q34.3 mi-
crodeletions, with a significantly milder phenotype (Willemsen et al., 2010). A 
recent study led to the elongation of the EHMT1 transcript with an extra 5’ exon 
at the N-terminus (Nillesen et al., 2011). This elongation proved to be clinically 
important by the identification of four additional KS patients with deletions of the 
new part of this transcript.
Despite the prominent role of EHMT1 gene disruption in KS, about 75% of 
patients with a KS phenotype have no EHMT1 mutation. In a recent report it was 
hypothesized that these “EHMT1-negative” individuals could have mutations in 
genes that share a biological function with EHMT1. Indeed, mutations in four 
functionally related genes, MBD5, MLL3, SMARCB1, and NR1I3, were found in 
patients with the KS phenotype, all of which encode epigenetic regulators (Kleef-
stra et al., 2012). Furthermore, these genes were shown to functionally interact 
with each other, indicating that the KS phenotype is caused by disruption of an 
EHMT1-associated epigenetic module (Kleefstra et al., 2012). 
Fig 1. Kleefstra syndrome patients. Facial appearance of four patients with Kleefstra syndrome caused by 
EHMT1 mutations. The highly recognizable facial features comprise brachycephaly, hypertelorism, midface hy-
poplasia, prognathism, prominent eyebrows, cupid bow or tented upper lip and everted lower lip. Photographs 
kindly provided by T. Kleefstra.
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Histone methylation and EHMT1 
EHMT1 is a euchromatin histone methyltransferase, meaning that it can 
transfer methyl groups to histones. In eukaryotes, DNA is wrapped around his-
tones to form nucleosomes. Two copies of each histone protein, H2A, H2B, H3 
and H4, are assembled into an octamer that has 145–147 base pairs of DNA 
wrapped around it. In addition to the core histones, there is the linker histone 
H1, which keeps the DNA strand in place on the core histones. The core histone 
N-terminal tails protrude from the nucleosome and are susceptible for modifica-
tion (Fig 2). There are at least eight distinct types of modifications, the most well 
known being acetylation, methylation, and phosphorylation (Kouzarides, 2007). 
Histones are often concurrently modified on several residues. Depending on the 
type of modification, the residue  being modified (f.e. lysine or arginine), and the 
position of this residue, there will be discrete effects on the packaging of DNA 
(Strahl and Allis, 2000). Trimethylation of lysine 9 of histone H3 (H3K9me3) for 
example leads to a more compacted state of the DNA/protein complexes referred 
to as heterochromatin. Whereas acetylation of lysine 14 or methylation of ly-
sine 4 of the same histone (H3K14ac and H3K4me, respectively) are found in 
euchromatic areas where the DNA is more loosely packaged allowing for active 
transcription of genes. Recent studies have revealed additional modifications and 
new modification sites, not only in the N-terminal tail, but also within globular 
domains (Tan et al., 2011). This adds to the complexity and importance of histone 
modifications in the regulation of gene transcription. 
As diverse as the modifications there are many histone modifying enzymes, 
each being highly specific for particular amino acid positions (Kouzarides, 2007). 
Fig 2. Histone modification. Histones H2A, H2B, H3 and H4 form an octamer with a stretch of double-
stranded DNA wrapped around it. The histone N-terminal tails protrude from the nucleosome and can be 
concurrently modified on several residues. Here is shown the methylation of lysine (K) 9 on the histone H3 tail.
H2B H2A
H4 H3
DNA
histone tails
H2B H2A
H4 H3
H2B H2A
H4 H3
9
K
M
9
K
M
9
K
M
13
1
One group of these enzymes are the histone lysine methyltransferases that can 
transfer one, two, or three methyl groups to lysine residues. An intensively stud-
ied example is histone H3 lysine 9 (H3K9) methylation. Trimethylation of this 
residue is primarily found in pericentric heterochromatin and is deposited by SU-
V39H1/KMT1A and SUV39H2/KMT1B (O’Carroll et al., 2000;Rea et al., 2000). 
These enzymes were the first discovered to methylate H3K9 and their catalytic 
motif was mapped to the evolutionary conserved SET domain. Thereafter, more 
members of this SET domain family were indentified that include G9a/EHMT2/
KMT1C, GLP/EHMT1/KMT1D, and SETDB1/ESET/KMT1E (Qian and Zhou, 
2006). Whereas the SUV39H proteins trimethylate H3K9 in heterochromatic re-
gions, G9a and EHMT1 are known to form a heteromeric complex that mono- 
and dimethylates H3K9 in euchromatic regions (Tachibana et al., 2005). Further-
more, G9a can methylate H3K27 (Tachibana et al., 2001). SETDB1/ESET also 
methylates H3K9 in euchromatic regions (Schultz et al., 2002), and it was shown 
that it converts H3K9me2 to H3K9me3 when associated with its cofactor mAM 
(Wang et al., 2003). Both di- and trimethylation of H3K9 are associated with tran-
scriptionally repressed genes, indicating that most H3K9 methylases function in 
transcriptional repression (Barski et al., 2007). 
Although the H3K9 methylases each have distinct nuclear localization and 
enzymatic activity, a recent paper showed that SUV39H1, G9a, EHMT1, and 
SETDB1 participate in a multimeric complex. Probably these proteins function 
together in silencing genes both in euchromatin and heterochromatin (Fritsch et 
al., 2010). Furthermore, G9a and EHMT1 are involved in other transcriptional 
repression complexes, like those involving E2F6, CtBP1, and CDP/cut (Nishio 
and Walsh, 2004;Ogawa et al., 2002;Shi et al., 2003;Ueda et al., 2006). Knockout 
studies have suggested that G9a and EHMT1 play a role in germ cell development 
and meiosis, cognition and adaptive behavior, embryonic development, cocaine-
induced plasticity, tumor cell growth and metastasis, and immune response 
(Shinkai and Tachibana, 2011), indicating that these enzymes are involved in 
diverse biological processes. 
Mouse models               
Mouse Ehmt1 is highly similar to the human EHMT1 gene, with a 97% ho-
mology in amino acid sequence. As indicated above, Ehmt1 plays a role in many 
biological processes, probably due to its ubiquitous expression pattern and tran-
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scription regulating role (Tachibana et al., 2005). This may also explain the wide 
range of symptoms observed in KS patients (Stewart and Kleefstra, 2007). How-
ever, the mechanisms underlying the observed ID, hypotonia and cranial abnor-
malities of KS patients are yet unknown. In general, the etiology and pathogen-
esis of intellectual disabilities is poorly understood, making it one of the largest 
unsolved medical and social problem of our society (Ropers and Hamel, 2005). 
Furthermore, the lifelong medical implications have a big impact on health care 
resources, indicated by the fact that most of the healthcare budget in the Nether-
lands in 1994 was spent on ID (Meerding et al., 1998). In order to develop potential 
therapeutic strategies, mechanisms underlying the disease need to be elucidated. 
Studies in humans have a very limited capacity to explain basic mechanisms of 
brain disorders. Therefore, animal models are invaluable for improving our un-
derstanding of the disease pathology (Scorza and Cavalheiro, 2011).
The important role that animal models play in understanding disease mecha-
nisms, and subsequent avenues for therapy, can be illustrated by the example of 
Fragile X syndrome. The FMR1 gene, causative for this syndrome, was identified 
in 1991 (Verkerk et al., 1991). Three years later, the Fmr1 knockout mouse model 
was developed, that indeed recapitulated the macroorchidism, learning deficits, 
and aberrant behavior of Fragile X syndrome patients (The Dutch-Belgian Frag-
ile X Consortium, 1994). By now, a search in pubmed for this Fmr1 knockout 
mouse renders ~300 results. Many studies assessed the behavioral abnormalities 
of Fmr1 knockout mice and tried to unravel the underlying molecular mecha-
nisms. One of the proposed mechanisms was that lack of FMRP leads to excessive 
activity of group 1 mGluR receptors (Bear et al., 2004). Indeed, treatment with 
an mGluR5 antagonist resulted in rescue of the disease phenotypes in mice and 
Drosophila (McBride et al., 2005;Yan et al., 2005). Recently, exploratory clinical 
trials in human Fragile X syndrome patients were performed, with promising re-
sults (Berry-Kravis et al., 2009;Hagerman et al., 2012). Also for other ID disorders 
like Down syndrome, Rett syndrome, and tuberous sclerosis complex, research 
is advancing towards therapeutic strategies for patients (de Vries, 2010;Maezawa 
and Jin, 2010;Rueda et al., 2012;Kron et al., 2012).
Aims and outline of this thesis
When the work described in this thesis was initiated, it was recently estab-
lished that haploinsufficiency of the Ehmt1 gene was the cause of KS (Kleefstra et 
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al., 2006a). Furthermore, information on the in vivo function of Ehmt1 was very 
limited. We wanted to obtain more insight into Ehmt1 protein function, with a 
focus on its role in neuronal functioning and behavior, using the Ehmt1 hetero-
zygous knockout mouse (Ehmt1+/-)(Tachibana et al., 2005) as a mammalian model 
for KS. This mouse has a targeted mutation in the highly conserved catalytic 
motif of the Ehmt1 protein (Fig 3).   
A comprehensive phenotypical analysis of the Ehmt1+/- mouse was started, 
guided by features of KS patients. Our initial studies pointed at altered explora-
tion/anxiety behavior in the Ehmt1+/- mice. Therefore we investigated whether 
the autistic-like features observed in KS patients were mimicked, as described 
in chapter 2. Since ID is one of the main features of KS, we performed learning 
and memory tests with the Ehmt1+/- mice. These results, together with in-depth 
morphological and physiological characterization of hippocampal neurons, are 
presented in chapter 3. In addition to ID, KS patients show three more core fea-
tures i.e. general developmental delay, hypotonia, and craniofacial abnormalities. 
Chapter 4 reveals the occurrence of these features in Ehmt1+/- mice, together with 
a potential mechanism underlying the disturbed cranial development. Chapter 5 
gives a detailed analysis of Ehmt1 protein expression and brain development in 
Ehmt1+/- and wildtype mice. Finally, chapter 6 provides a general discussion on 
the results described in this thesis. 
Ankyrin repeats
Pre-
SET
SET
domain
Disruption in 
Ehmt1+/- mice
Arg291X Glu604X
Pro677fs Cys1073Tyr
Arg1168XGln1043fs
Arg1197Trp
Fig 3. Ehmt1 protein structure. The Ehmt1 protein has several domains, but its catalytic activity is de-
pendent on the highly conserved SET domain. The disruption in the Ehmt1+/- mice is targeted in this domain 
(Tachibana et al., 2005). In red, a few examples of reported mutations in KS patients are shown (Willemsen et 
al., 2012).  
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Abstract
 The 9q34.3 subtelomeric deletion syndrome is a newly defined mental re-
tardation syndrome, caused by haploinsufficiency of the euchromatin histone 
methyltransferase 1 (EHMT1) gene. Patients also have childhood hypotonia, fa-
cial dysmorphisms, delay in reaching developmental milestones, and behavioral 
problems like aggressive outbursts, hypoactivity, or autistic-like features. Male 
and female heterozygous Ehmt1 knockout mice (Ehmt1+/-, aged 1–20 months, 
kept on a C57BL/6J background), were used to investigate whether they mimic 
the patients behavioral characteristics by comparing their behavior to wildtype 
littermates. The Ehmt1+/- mice revealed reduced activity and exploration, with in-
creased anxiety compared to wildtype mice when exposed to novel environments 
in the open field, object exploration, marble burying, light-dark box, mirrored 
chamber and T-maze tests. They also demonstrated diminished social play when 
encountering a mouse from a different litter, and a delayed or absent response 
to social novelty when exposed to a stranger mouse. However, no differences 
in phenotyper home cage locomotor activity or rotarod motor function were ob-
served between Ehmt1+/- and wildtype mice. Together, these results indicate that 
the hypoactivity and the autistic-like features of 9q34.3 subtelomeric deletion 
syndrome patients are recapitulated in this Ehmt1+/- mouse model, and that the 
hypoactivity is apparently not caused by any motor dysfunction. Together, these 
observations make it plausible that the Ehmt1+/- mouse is a faithful mammalian 
model for the autistic-like behavioral features of patients with the 9q34.3 subtelo-
meric deletion syndrome.
Introduction
 The 9q34.3 subtelomeric deletion syndrome was recently defined (Kleefstra 
et al., 2005;Kleefstra et al., 2006a;Stewart and Kleefstra, 2007) as a recognizable 
condition with severe mental retardation, delay in reaching developmental mile-
stones, hypotonia, and distinct facial dysmorphisms as consistent features. At a 
lower frequency patients have cardiac and genital defects, epilepsy, and behav-
ioral problems such as antisocial or “autistic” behavior and aggressive outbursts 
(Kleefstra et al., 2009;Stewart and Kleefstra, 2007). This syndrome is caused by 
haploinsufficiency of the euchromatin histone methyltransferase 1 (EHMT1) gene, 
located on chromosome 9q34.3. The protein product of this gene is euchroma-
tin histone methyltransferase 1 (EHMT1 or G9a-like protein, GLP (Ogawa et al., 
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2002)), which has one closely related homolog in mammals, termed EHMT2/G9a 
(Tachibana et al., 2001). EHMT1’s murine ortholog Ehmt1 is highly conserved 
with a 97% homology in amino acid sequence. In mice, Ehmt2/G9a and Ehmt1 
form heteromeric complexes to exert mono- and dimethylation of lysine 9 of the 
histone H3 N-terminal tail in euchromatic areas (H3K9me1/2 (Tachibana et al., 
2005)), which is an epigenetic mark for transcriptional silencing (He and Lehming, 
2003). EHMT1 has been identified in multiple transcriptional silencing complexes 
(Nishio and Walsh, 2004;Ogawa et al., 2002;Shi et al., 2003) including a complex 
with REST (RE1-silencing transcription factor (Ballas et al., 2005;Roopra et al., 
2004;Tahiliani et al., 2007)), which is involved in epigenetic programming of neu-
ronal genes. Indeed, an in situ hybridization study showed that Ehmt1 is highly 
expressed in embryonic brain, and in adult brain in restricted areas (Kleefstra et 
al., 2005). This provides a plausible mechanism through which EHMT1 can af-
fect neurodevelopmental processes and, as a result, higher cognitive functions. 
Indeed, several genes involved in epigenetic control of gene expression are known 
to cause mental retardation when mutated (Kramer and van Bokhoven, 2009).
Mouse models have already been proven as a valuable tool for studying the pa-
thology of human mental retardation syndromes. Widely used examples are the 
Ts65Dn mouse for Down syndrome (Davisson et al., 1990), the Fmr1 knockout 
mouse for Fragile X syndrome (The Dutch-Belgian Fragile X Consortium, 1994), 
and the Mecp2 deficient mouse for Rett syndrome (Chen et al., 2001;Guy et al., 
2001), which recapitulate some features of the human phenotype. In this study 
we used heterozygous Ehmt1 knockout mice (Ehmt1+/- mice (Tachibana et al., 
2005)) to establish whether this mouse could be a suitable model for another hu-
man mental retardation syndrome: the 9q34.3 subtelomeric deletion syndrome. 
Behavioral problems like autistic features are significant characteristics of Down, 
Fragile X and Rett syndromes (Hagerman et al., 2012;Mount et al., 2003;Myers 
and Pueschel, 1991). A large percentage of patients with 9q34.3 subtelomeric 
deletion syndrome also have autistic-like behavioral problems (Kleefstra et al., 
2009). Furthermore, some patients show apathy (Verhoeven et al., 2010). Our 
initial experiments with Ehmt1+/- mice pointed at altered exploration/anxiety be-
havior. This led us to the hypothesis that the patients behavioral characteristics 
might be mimicked by the Ehmt1+/- mice. Our aim was to investigate locomotor 
activity and motor function, exploration and anxiety characteristics, and social 
behavior of wildtype and Ehmt1+/- mice.
20
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Animals, materials and methods
Animals and housing
The Ehmt1+/- heterozygous knockout mice were obtained from Dr. Shinkai 
and Dr. Tachibana (Kyoto University, Japan (Tachibana et al., 2005)). The mice 
originated from TT2 embryonic stem cells (F1 of C57BL/6 and CBA). Two of these 
male Ehmt1+/- mice (F3 generation, backcrossed with C57BL/6J) were transport-
ed to the Netherlands and crossed with C57BL/6J females (Janvier, France) to 
obtain Ehmt1+/+ (referred to as wildtype) and Ehmt1+/- mice which are born in 
Mendelian ratio’s. Behavioral tests were performed with F4–F8 generation wild-
type and Ehmt1+/-  littermates (see Supplemental Tables S1 and S2). Body weights 
of the mice were followed throughout life. 
Mice were kept in a standard room with an artificial 12 h light-dark cycle 
(lights on at 7:00 am) in Macrolon type III cages, 3–6 animals per cage, with saw-
dust bedding, a mouse igloo, and nest building material. Food and water were 
available ad libitum and room temperature was 21°C with controlled humidity. 
Testing was performed between 9:00 and 16:00 h. The experiments were con-
ducted in a quiet testing room with constant luminance of 50 lux. The animals 
were transported to the testing room at least 30 min before starting the experi-
ment. Before each animal the apparatus was cleaned thoroughly with tap water. 
The observers (unaware of the genotypes) were, for most tests, in close proximity 
to the apparatus when scoring the mouse behaviors. 
All procedures involving animals were approved by the Animal Care Commit-
tee of the Radboud University Nijmegen Medical Centre, The Netherlands, con-
form the guidelines of the Dutch Council for Animal Care and the European Com-
munities Council Directive of 24 November 1986 (86/609/EEC).
Genotyping
Mice were weaned around postnatal day 28 and a small ear perforation was 
taken for identification. DNA was isolated from this ear tissue and polymerase 
chain reaction (PCR) analysis was done to genotype each mouse. For the wildtype 
allele the following primers were used: (forward) 5’-TGTGTCCCAGGTTAGCATTG-3’ 
located in intron 25, (reverse) 5’-AGAGAGAAAGGCTGCAGTCAG-3’ located in in-
tron 25, and for the mutant allele we used: (forward) 5’-CAGGTTTTCTTTGTG-
TAGTCCTG-3’ located in intron 25, (reverse) 5’-CCAGCTCATTCCTCCACTC-3’ lo-
cated in the Lox-P cassette. Amplified PCR products were loaded on 1.5% agarose 
gels to visualize wildtype (250 bp) and mutant (about 900 bp) alleles. 
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Phenotypers
Each mouse was individually housed in a PhenoTyper® cage (L 45cm×W 
45cm×H 55 cm; Noldus Information Technology, The Netherlands) for eight con-
secutive days. A room contained 16 PhenoTyper® cages which had transparent 
walls and air holes so the mice could see and smell each other. All cages con-
tained a top unit with a digital video camera and infrared lights, sawdust on the 
floor, and an immobile shelter. Data were acquired with EthoVision® video track-
ing software (Noldus Information Technology, The Netherlands). Before collecting 
data, the mice were allowed to become accustomed to their new PhenoTyper® 
surroundings for 5 days. Then we measured the average hourly distance (cm) the 
animals walked during 3 nights and 2 days with EthoVision® software (from the 
onset of the dark (night) period on the fifth day until onset of the light period on 
the eighth day).
Rotarod
Mice were placed individually on a rotarod. During a 300 s time interval the 
acceleration of the rod resulted in a gradual increase from 0 to 38 rpm. The time 
(s) each mouse was able to stay on the rod, by keeping walking and balancing, 
was measured. Mice were subjected to one pre-trial (data not used), and three 
test trials with a maximum of 300 s and a 1 h inter-trial interval. The results of 
the three test trials were averaged, yielding one value per mouse.
Open field
We used a square open field (L 50 cm, W 50 cm, H 40 cm) with white Plexiglas 
walls. Each mouse was placed individually in the open field and recorded on DVD 
for 10 or 30 min, while its behavior was analyzed for the time (s) spent walking, 
sitting, rearing, grooming, and wall leaning. These parameters were defined as 
follows: walking, movement of hind paws and forepaws with a minimal distance 
of 1 cm; sitting, no movements of the hind paws and forepaws for a duration of 2 
s; rearing, standing upright on the hind paws, while the forepaws are not touch-
ing any surface; grooming, washing (parts of) its body; wall leaning, standing on 
hind paws, the mouse places one or two forepaws against the wall. Furthermore, 
we determined the time the mice spent in a 10 cm × 10 cm square in the middle 
of the open field using EthoVision® video tracking software (Noldus Information 
Technology, The Netherlands).
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Object exploration 
The object exploration test was performed in the open field set-up. Mice had 
performed the open field test 1 day prior to this test in order to be accustomed to 
the surroundings. The test consisted of a 3 min exploration trial. Before this trial, 
the mice were placed in a separate cage for several minutes to increase arousal. 
Two glass bottles (diameter 2.7 cm, height 8.5 cm) filled with sand were placed in 
the open field. A mouse could not displace these objects. To start the trial, each 
mouse was placed individually in the test set-up with its head facing the wall op-
posite to the objects. The amount of time (s) the mouse was actively interested in 
the objects (sniffing at, or directing the nose to the object at a very small distance; 
exploration) was noted. Climbing on the objects was not scored as exploration. All 
was recorded on DVD, while the mice were scored manually.
Marble burying
For the marble burying test, a Macrolon type II cage was filled with 5 cmsaw-
dust and 20 marbles (1 cm diameter) in 4 evenly spaced rows of 5 on top of the 
bedding. Each mouse was placed individually in the cage for 30 min. The number 
of buried and unburied marbles (buried was defined as completely or for at least 
2/3 covered with sawdust) at the end of the 30 min period was counted. 
Light-dark box
For this test, two different types of boxes were used. Light-dark box I consisted 
of a dark black (L 10 cm, W 30 cm, H 30 cm) and a brightly lit compartment (L 
30 cm,W30 cm, H 30 cm). The light compartment had a black floor and walls 
with black (2 cm) and white (2 cm) vertical stripes. The opening between the two 
compartments was 7 × 4cm (W × H). Light-dark box II consisted of a dark black 
(L 16 cm, W 16 cm, H 16 cm) and a brightly lit white (L 24 cm, W 16 cm, H 16 
cm) compartment. One of the white compartments walls was made of transparent 
Plexiglas to observe the mouse. The opening between the two compartments was 
5 × 8cm (W × H). For both boxes, a lamp above the light compartment delivered 
230 lux. 
Each animal was placed individually in the light compartment with its head 
facing the wall opposite to the opening, and observed for 10 min starting after the 
first crossing from light to dark. The parameters measured were: latency (s) to 
enter the dark compartment, total time (s) spent in the light and dark compart-
ments, rearing +wall leaning frequency in the light compartment, and number 
of crossings. A crossing was defined as: two paws, head and body crossing the 
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border between the light and dark compartment (almost four paws).
Mirrored chamber
The mirrored chamber experiment was performed as described by Toubas et 
al. (Toubas et al., 1990). Briefly, a box (“the mirrored chamber”) with 5 mirrored 
sides (3 sides, one top and one floor, 30 cm × 30 cm × 30 cm) and one open side 
was placed in a second box, leaving a 5 cm corridor surrounding the mirrored 
chamber. A sixth mirror was placed on the wall of the second box, facing the open 
side of the mirrored chamber. The walls of the container were opaque black, the 
floor of the corridor was white. Luminance was 245 lux in the corridor (delivered 
by 2 lamps), and 15 lux within the mirrored chamber. 
Each mouse was placed individually in the corner far left from the entrance 
of the mirrored box, and subsequently observed for 30 min. All experiments were 
recorded on DVD, and behavioral parameters of the mice were scored manually 
by an observer during the experiment. We divided the chamber in two parts, the 
beginning (first 1/3) and the back (2/3) area of the chamber, and measured the 
amount of entries in each part. Latency (s) to enter the mirrored chamber and the 
total duration (s) in the mirrored chamber were scored, as well as frequency of 
grooming, rearing, and the number of feces. 
T-maze
The T-maze test was based on the apparatus and the methods described in 
the literature (Gerlai et al., 1994). The start and goal arms were 75 cm × 12 cm 
× 20 cm (L × W × H) and the walls were made of transparent Plexiglas glued to 
a dark grey Plexiglas square bottom. Three removable doors could block the en-
trance to either goal arm or seal off a 24 cm (L) compartment at the beginning of 
the start arm. Extra-maze visual cues were 30–150 cm away from the maze. The 
procedure consisted of one forced and 14 choice trials. A mouse was individually 
placed in the 24 cm start compartment. After 5 s, the start arm door was lifted 
and the mouse was allowed to explore the start arm and the left goal arm, entry to 
the right goal arm was blocked (forced trial). The mouse explored the available ar-
eas and eventually reentered the start arm and moved down to the start compart-
ment where it was confined for 5 s by lowering the door. Then the door blocking 
the right goal arm was lifted, as was the start compartment door, so the second 
(first free choice) trial began where the mouse could choose between either the left 
or the right goal arm. After the mouse had chosen and entered one goal arm half 
way down, entrance to the other arm was blocked. The mouse explored the goal 
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arm and eventually moved down to the start box again. Rarely, a mouse did not 
move to the start compartment within 2 min, it was then gently guided. After 5 s 
confinement in the start box, the testing cycle continued with another free choice 
trial, up to a total of 14 trials (all recorded on DVD). Consecutive choices made by 
the mouse were recorded and the alternation rate during the 14 free choice trials 
was calculated (0% = no alternation, 100% = alternation at each trial). The time 
(s) to complete the first trial, all 15 trials (time in min), and the amount of rearing, 
were also measured.
Social play
The social play test (Terranova and Laviola, 2001) was conducted in a Mac-
rolon type III cage (L 36 cm, W 20 cm, H 15 cm), with a 5 cm thick layer of clean 
sawdust. Juveniles (28–32 days old) were individually housed for 30 min prior to 
the play session. Two mice of the same age and sex but from different litters were 
placed in the arena and their interactions were observed for 10 min. Behaviors 
of interest included: time (s) spent following (one mouse walks straight behind 
its partner, keeping pace with the one ahead), socially exploring (sniffing at the 
partner), and pouncing (pushing snout in the neck or the flank of the partner, or 
crawling over the partner). The two mice were live scored by two observers (each 
observer scoring one mouse). The data of both mice were used in the analysis. 
Each mouse played with several opponents, but no more than two times per day. 
There were four groups per sex: wildtype with wildtype; wildtype with Ehmt1+/-; 
Ehmt1+/- with wildtype; Ehmt1+/- with Ehmt1+/-; in which the first mouse was the 
observed mouse. If (for example) one wildtype mouse played with different wild-
type opponents the interaction scores were averaged, yielding only one value for 
the mouse that was observed.
Social approach
The social approach test set-up was slightly modified from Nadler et al. (Nadler 
et al., 2004). The test consisted of two parts: the sociability part, and the prefer-
ence for social novelty part of the test. In short: a rectangular, three-compartment 
box made of white painted wood (L 90, W 30, H 30 cm) had replaceable doorways 
(either solid or with a 10 cm × 10 cm opening) that divided the center (L 10, W 
30 cm) from the two side compartments (L 40, W 30 cm). In the center of each 
side compartment there was a small round cage present which would contain 
stranger mice during the test. This cage was 10 cm in diameter with vertical bars 
to prevent full physical contact but to allow sniffing. A glass bottle was put on 
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top of this cage to prevent the test mouse from climbing on it. The stranger mice 
were habituated to the enclosure during 4 days before the test. We used male 
C57BL/6J strangers when testing the male mice, and female C57BL/6J strang-
ers when testing the female mice. Strangers 1 and 2 originated from different 
home cages and had never been in physical contact with the subject mice or each 
other.
At the beginning of the test session, each test mouse was allowed to habituate 
for 10 min to all three compartments containing fresh saw dust and the two small 
empty cages. The mouse was then briefly confined to the center compartment 
while a new mouse (stranger 1) was placed under one of the small cages. Then the 
two side doors were simultaneously lifted, and the test mouse was allowed access 
to all three compartments for 10 min (sociability). After the first 10 min session, 
the test mouse was again placed in the center compartment with closed doors. 
Stranger 2 was placed in the  other cage and the test mouse was then once more 
allowed to explore all three compartments for a second 10 min session (social 
novelty). All sessions were recorded on DVD and data were analyzed for the two 
10 min sessions separately in 5 min blocks. Parameters measured were: number 
of entries and time (s) spent in each compartment, time (s) spent sniffing at the 
cages/stranger mice, and the amount of rearing.
Statistics
All data are presented as means ± SEM. The statistical significance of differ-
ences between two groups was assessed using the independent samples t-test, 
or ANOVA repeated measures test. When male and female mice in one genotype 
group were statistically not different, their data were combined. All statistical 
procedures were performed using the SPSS 17.0 software package. Statistical 
significance was set at p < 0.05.
Results
Ehmt1+/- mice display no obvious locomotor deficits in a home cage environment
In the PhenoTyper® cages we measured home cage locomotor activity (Supple-
mental Table S3). Since females walked significantly more during nights than 
males, we analyzed their data separately (ANOVA repeated measures, between-
subject factor: sex, within-subject variables: distance moved during nights 1, 2, 
3; F1,23 = 14.349, p < 0.001). All groups travelled about 20 m during daytime, and 
distance walked during their active, night, period was higher, showing a clear 
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day-night rhythm. During nights, wildtype males (n=8) walked on average 35 
m per hour and Ehmt1+/- males (n=5) 28 m, which was not significantly differ-
ent (ANOVA repeated measures, between-subject factor: genotype, within-subject 
variables: distance moved during nights 1, 2, 3; F1,11 = 4.212, p < 0.065). Wildtype 
females (n=4) walked on average 50 m per hour during nights, Ehmt1+/- females 
(n=8) were comparable with 45 m. 
Ehmt1+/- mice show no deficits in motor balance and coordination on the rotarod 
Motor function and balance was tested on the rotarod. Four months old wild-
type animals (n=20) were able to stay on the rod for 210 ± 15 s, and the age-
matched Ehmt1+/- mice (n=20) for 222 ± 12 s, revealing no difference between 
these two groups at this age. A subset of the two groups was again tested at the 
age of 20 months, with the wildtypes (n=16) walking and balancing on the rotarod 
for 127 ± 19 s and the Ehmt1+/- mice (n=14) 170 ± 19 s. Although the aged 20 
months old mice fell of the rod earlier than the younger 4 months old mice, there 
was no significant difference in the rotarod performance between the Ehmt1+/- 
and wildtype mice. 
Ehmt1+/- mice have no major differences in body weight
The weight data were compiled across the multiple cohort groups. Categorized 
measures are shown in Table 1. For all mice the weight increased gradually with 
age, and females were lighter than males. At the age of 2–3 months, Ehmt1+/- mice 
weighed less than wildtype animals (t46 = 2.608, p < 0.012 for males, and t32 = 
3.600, p < 0.01 for females), but the difference was only 2 g on average. From 4 
months onwards, mice from the same sex weighed about the same (Table 1).
Table 1. Body weights.
  Males     Females
  Wildtype     Ehmt1+/-  Wildtype      Ehmt1+/-
2–3 months  26.0 ± 0.4 (18)    24.7 ± 0.3 (30)*     20.9 ± 0.2 (22)      18.6 ± 0.8 (12)*
4–5,5 months  32.0 ± 0.7 (14)    31.6 ± 0.6 (9)         25.4 ± 1.0 (6)        23.5 ± 1.2 (11)
6–12 months  36.3 ± 0.6 (44)    35.0 ± 0.7 (32)       28.7 ± 0.6 (43)      27.0 ± 0.6 (32)
Values (gram) are presented as means ± SEM. The number of animals is shown between brackets. * Indicates 
significantly different from wildtype.
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Ehmt1+/- mice display reduced activity and exploration in the open field
Exploration behavior and activity in a new environment was assessed in the 
open field for 30 min (Fig. 1). Wildtype mice (n=18) spent more than 50% of their 
time walking, one third of the observation period sitting, about 10% of the total 
time was spent actively with wall leaning and rearing, and grooming was per-
formed during 5% of the time. Ehmt1+/- mice (n=16) walked significantly less (t32 
= 3.837, p < 0.001) and sat more (t32 = 5.004, p < 0.0001) compared to wildtype 
animals. Furthermore, they exhibited less rearing (t32 = 4.691, p < 0.0001) and 
wall leaning (t32 = 5.172, p < 0.0001) while grooming time was increased (t32 = 
3.328, p < 0.002). The total time spent in the center of the open field in the first 
10 min was 16.2 ± 3.2 s for wildtype animals, but significantly reduced in the 
Ehmt1+/- group (7.8 ± 2.2 s, t32 = 2.121, p < 0.042).
The open field test was also performed with a second cohort by a different ob-
server, for only 10 min, with similar results. Compared to wildtype animals (wt, 
n=20) the Ehmt1+/- mice (n=19) walked less (wt, 377 ± 10 s; Ehmt1+/-, 286 ± 17 s; 
t37 = 4.743, p < 0.0001), sat more (wt, 121 ± 13 s; Ehmt1
+/-, 230 ± 19 s; t37 = 4.750, 
p < 0.0001), and performed less rearing (wt, 13.1 ± 2.6 s; Ehmt1+/-, 4.0 ± 0.9 s; 
t37 = 3.235, p < 0.003) and wall leaning (wt, 66.1 ± 4.1 s; Ehmt1
+/-, 49.7 ±4.0 s; 
t37 = 2.858, p < 0.007). Grooming was not statistically different (wt, 22.5 ± 2.4 s; 
Ehmt1+/-, 30.9 ± 4.9 s), which was in accordance with the analysis of the first 10 
min period of the 30 min group (data not shown).
Fig 1. Open field. The time (s) spent walking, sitting, rearing, grooming and wall leaning (leaning) was scored 
during a 30min observation of wildtype (+/+, white bars; n = 18) and Ehmt1+/− (+/−, black bars; n = 16) mice. 
*Significantly different from wildtype.  
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Ehmt1+/- mice display reduced object exploration
Exploration behavior was also tested in an object exploration test. Wildtype 
animals (n=20) explored the objects for about 12% of the observation time, while 
Ehmt1+/- mice (n=18) spent significantly less time approaching and sniffing at the 
objects (t36 = 3.127, p < 0.003, Fig. 2A).
Ehmt1+/- mice interact less with a new environment in the marble burying test
Another test to assess exploratory activity was the marble burying test. Wild-
type animals (n=26) buried on average 18 of the 20 marbles, whereas the Ehmt1+/- 
mice (n=23) only buried 11 marbles, which was significantly less (t47 = 5.392, p < 
0.0001, Fig. 2B).
Ehmt1+/- mice show reduced exploration and increased anxiety in the light-dark 
box
To assess whether anxiety played a role in the reduced exploration as ob-
served for Ehmt1+/- mice, we performed the light-dark box test. In light-dark box 
I wildtype mice (n=32) demonstrated frequent rearing (36.5 ± 4.1) and crossing 
(32.8 ± 2.0), and spent 49.5 ± 3.4% of the time in the light compartment. Ehmt1+/- 
mice (n=29) showed a reduced number of rearing (9.6 ± 2.0; t59 = 5.756, p < 
0.0001) and crossing (23.1 ± 2.7; t59 = 2.919, p < 0.005) compared to wildtypes. 
The time spent in the light compartment by Ehmt1+/- mice (41.0 ±4.9%) was not 
significantly different from wildtypes. Since rearing frequency was recorded in 
the light compartment only, we corrected for the total time (in min) the animal 
Fig 2. Object exploration and marble burying. (A) Depicted is the time (s) wildtype (+/+, white bar; n = 
20) and Ehmt1+/− (+/−, black bar; n = 18) mice spent exploring two objects placed in an open field during a 3 min 
trial. (B) Shown is the number of (maximally 20) marbles actively buried in 30 min by wildtype (+/+, white bar; 
n = 26) and Ehmt1+/− (+/−, black bar; n = 23) mice. *Significantly different from wildtype. 
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spent in the light compartment. This rearing frequency per min spent in light was 
still significantly reduced (wildtype, 6.9 ± 0.5; Ehmt1+/-, 2.6 ± 0.4; t59 = 6.262, p < 
0.0001) in the Ehmt1+/- mice compared to wildtypes. 
In the smaller light-dark box II (Fig. 3A–C), wildtype mice (n=9) spent 50% of 
the time in the light compartment, and rearing and crossing frequencies were 
even higher than in box I. Again the Ehmt1+/- mice (n=5) displayed reduced rear-
ing (t12 = 3.523, p < 0.004) and crossing (t12 = 4.058, p < 0.002, Fig. 3A) as well as 
a reduced number of rearing per min spent in the light compartment (t12 = 2.565, 
p < 0.025, Fig. 3C) compared to wildtypes. In this box II, a significant reduction 
in the amount of time the Ehmt1+/- mice spent in the light compartment was ob-
served (t12 = 3.260, p < 0.007, Fig. 3B).
Ehmt1+/- mice demonstrate more anxiety in the mirrored chamber
An additional approach to analyze an anxious phenotype is the mirrored 
Fig 3. Light-dark box. Wildtype (+/+, white bars; n = 9) and Ehmt1+/− (+/−, black bars; n = 5) female mice 
have been scored during a 10 min observation for (A) frequency of rearing and number of crossings between 
light and dark compartment, (B) percentage of time spent in light, and (C) rearing frequency per min in light. 
*Significantly different from wildtype.
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chamber test (Fig. 4). Both genotypes entered the beginning of the chamber about 
5 times and then walked out again. However, wildtype mice (n=20) entered and 
walked to the back area of the chamber for 22 times, while Ehmt1+/- mice (n = 
19) visited this part 16 times, which was significantly less often (t37 = 2.171, p < 
0.036, Fig. 4A). Wildtypes spent in total about 287 s inside the mirrored compart-
ment. The total amount of time the Ehmt1+/- mice spent in the mirrored compart-
ment seemed to be shorter, but this did not reach significance (Fig. 4B). It took 
wildtype animals 63 ± 18 s before they entered the mirrored compartment for 
the first time, whereas the latency observed in Ehmt1+/- mice was twice as long 
(t33 = 2.115, p < 0.042, Fig. 4C). The number of feces droppings was significantly 
increased in the Ehmt1+/- mice, compared to the wildtypes (t37 = 2.272, p < 0.029, 
Fig. 4D). Finally, wildtype mice reared about 171 times in the 30 min observa-
tion period, while Ehmt1+/- mice, strikingly, revealed a 50% reduction of rearing 
frequency in this mirrored chamber test (t37 = 4.968, p < 0.0001, Fig. 4E).
Fig 4. Mirrored chamber. During a 30 min period, individual wildtype (+/+, white bars; n = 20) and Ehmt1+/− 
(+/−, black bars; n = 19) mice were observed in the mirror-box for (A) frequency to enter the first 1/3 or the back 
2/3 area of the mirrored chamber, (B) frequency of rearing in the chamber and surrounding alley, (C) total time 
(s) spent in the mirrored chamber, (D) latency (s) to enter the mirrored chamber, and (E) the number of feces. 
*Significantly different from wildtype.
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Ehmt1+/- mice show reduced exploration and activity but no differences in sponta-
neous alternation in the T-maze
The T-maze test was used to investigate possible repetitive behavior. Wildtype 
animals (wt, n=6) alternated in 53.6 ± 4.8% of the trials and the Ehmt1+/- group 
(n=10) showed a similar percentage of 49.3 ± 4.9%. However, the time to complete 
both the first trial (wt, 34.2 ± 2.5 s; Ehmt1+/-, 56.4 ± 6.7 s; t12 = 2.735, p < 0.018), 
and all 15 trials together (wt, 22.5 ± 1.3 min; Ehmt1+/-, 29.0 ± 2.0 min; t14 = 2.289, 
p < 0.038), were significantly prolonged in the Ehmt1+/- animals. Furthermore, in 
accordance with previous tests, the Ehmt1+/- mice showed significantly less rear-
ing (wt, 60.2 ± 6.3; Ehmt1+/-, 38.8 ± 4.4; t14 = 2.835, p < 0.013) than the wildtypes. 
Ehmt1+/- juvenile males reveal decreased social play
Ehmt1+/- mice show a decreased exploration phenotype evoked by new sur-
roundings or new objects. To investigate their exploration drive against unfamil-
iar mice, we performed the social play test. Male and female data were analyzed 
separately since they were significantly different (ANOVA repeated measures, be-
tween subject factors: genotype and sex, within-subject variables: wildtype op-
ponent and Ehmt1+/- opponent. Between-subject effects: sex, F1,20 = 16.755, p 
< 0.001; sex*genotype, F1,20 = 8.755, p < 0.008). For both wildtype and Ehmt1
+/- 
males and females, we did not observe an opponent difference for all parameters 
measured (ANOVA repeated measures, between-subject factor: genotype, within-
subject variables: wildtype opponent and Ehmt1+/- opponent). Therefore we plot-
ted the interactions as wildtype versus opponent and Ehmt1+/- versus opponent 
(Fig. 5). 
Eight wildtype males participated in this test, from which 6 played with other 
wildtypes and all played with Ehmt1+/- mice. Twelve Ehmt1+/- males participated: 
9 played with wildtypes and all 12 with other Ehmt1+/- mice. Wildtype males (Fig. 
5A) spent in total about 60 s interacting with another mouse, which was twice as 
long as Ehmt1+/- mice (t33 = 3.329, p < 0.002). When we split this total time into 
the different parameters measured: time spent socially exploring, pouncing, and 
following another mouse, all were significantly reduced in Ehmt1+/- males com-
pared to wildtypes (t33 = 3.202, p < 0.003; t33 = 4.507, p < 0.0001; t33 = 2.098, p 
< 0.044; respectively, Fig. 5A). Four wildtype and 5 Ehmt1+/- females participated 
in the test, all animals played with all female wildtype and Ehmt1+/- opponents. 
Both wildtype and Ehmt1+/- females played only a short amount of time with their 
opponent. There were no significant differences for all parameters measured in-
cluding the combined total interaction time (Fig. 5B).
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Ehmt1+/- mice show a prolonged sociability response
We measured social behavior during adulthood with the social approach test 
(adapted from Nadler et al. (Nadler et al., 2004)). The first part of this test mea-
sures sociability. In the first 5 min of the 10 min observation, wildtype males (3 
months old, n=9) spent more than half of their time in c1 with stranger 1, which 
was significantly more than the time spent in c2 (0–5 min, t14 = 8.882, p < 0.0001; 
Fig. 6A). During the second 5 min period, the wildtype male mice had no prefer-
ence for one of the two compartments (5–10 min, Fig. 6A). Wildtype females (12 
months old, n=13) also demonstrated strong preference for stranger 1 in period 
0–5 min (t24 = 7.123, p < 0.0001; Fig. 6C), which was not seen in the 5–10 min 
session. In contrast, Ehmt1+/- mice (Fig. 6B and D) displayed a different pattern. 
For Ehmt1+/-, both males (n=11; Fig. 6B) and females (n=12; Fig. 6D) spent more 
time in c1 than in c2 (0–5 min; t18 = 5.872, p < 0.0001; t22 = 6.659, p < 0.0001, 
respectively), but they prolonged their preference for stranger 1 in c1 above empty 
Fig 5. Social play. (A) Juvenile male wildtype (+/+, white bars, n = 8) and Ehmt1+/− (+/−, black bars, n = 12) 
mice of ~30 days of age were scored for social exploration, pouncing and following, also plotted as total social 
play time (s). They played with an Ehmt1+/− or wildtype male opponent of the same age. (B) ~30 days old fe-
male wildtype (+/+, white bars, n = 4) and Ehmt1+/− (+/−, black bars, n = 5) mice played with a juvenile female 
Ehmt1+/− or wildtype opponent. *Significantly different from wildtype.
33
2
c2 during the 5–10 min period (males, t18 = 3.765, p < 0.001; females, t22 = 2.411, 
p < 0.025). 
In addition, wildtype (wt) and Ehmt1+/- groups, both males and females, spent 
significantly more time sniffing (30–35 s) at the cage containing stranger 1 during 
0–5 min, compared to the empty cage (6–8 s; wt males, t14 = 8.404, p < 0.0001; wt 
females, t24 = 10.816, p < 0.0001; Ehmt1
+/- males, t18 = 7.864, p < 0.0001; Ehmt1
+/- 
females, t22 = 10.829, p < 0.0001; Table 2), indicative of sociability. During the 
Fig 6. Social approach: sociability. Male wildtype (n = 9, A), male Ehmt1+/− (n = 11, B), female wildtype (n 
= 13, C) and female Ehmt1+/− (n = 12, D) mice were observed for the time (s) they spent in compartment 1 (c1) 
with stranger mouse 1 (placed in a small round cage), or in compartment 2 (c2) containing an empty cage. The 
observation period of 10 min was divided into 0–5 and 5–10 min. #Significant difference between c1 and c2.
FRPSDUWPHQW 
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5–10 min period, for all groups the time spent sniffing at stranger 1 diminished, 
but was still significantly more than the time spent sniffing at the empty cage (wt 
males, t14 = 3.278, p < 0.05; wt females, t24 = 3.527, p < 0.02; Ehmt1
+/- males, t18 
= 4.526, p < 0.0001; Ehmt1+/- females, t22 = 3.351, p < 0.03; Table 2). 
Furthermore, Ehmt1+/- male mice showed fewer entries in session 0–10 min 
compared to wildtype males (c1, t16 = 2.278, p < 0.037; c2, t16 = 2.250, p < 0.039), 
whereas both female groups showed similar entries (Table 2). Compared to the 
wildtypes, Ehmt1+/- mice reared significantly less during the social approach test 
period 0–10 min (wt males 25.9 ± 3.3, Ehmt1+/- males 15.0 ± 2.2, t18 = 2.822, p < 
0.011; wt females 27.8 ± 2.1, Ehmt1+/- females 17.0 ± 2.2, t23 = 3.529, p < 0.002).
Table 2. Social approach: entries and sniffing.
Ehmt1+/- mice demonstrate a delayed or absent preference for social novelty
Subsequently, the preference for social novelty was tested. During the first 
5 min of this second 10 min session, all male (n=9) and female (n=13) wildtype 
mice spent significantly more time with stranger 2 compared to stranger 1 (10–15 
min; males, t14 = 3.472, p < 0.004, Fig. 7A; females, t24 = 4.782, p < 0.0001, Fig. 
7C). Again for the wildtypes, in the second half of the observation period the side 
preference disappeared (15–20 min; Fig. 7A and C). Notably, in period 10–15 min 
the Ehmt1+/- mice did not show a preference for stranger 2 over the now “famil-
iar” stranger 1 (n=11 males, Fig. 7B; n=12 females, Fig. 7D). Male Ehmt1+/- mice, 
however, demonstrated a delayed preference for stranger 2 over stranger 1 in ses-
                     Time interval      Males                                               Females
                     Wildtype (n=9)     Ehmt1+/- (n=11)    Wildtype (n=13)     Ehmt1+/- (n=12)
Entries c1        0–10 min           14.8 ± 1.3            10.8 ± 0.8*            19.3 ± 3.1               13.6 ± 1.9
Entries c2        0–10 min           13.7 ± 1.2              9.7 ± 0.9*            17.9 ± 2.8               12.9 ± 1.6
Entries c1      10–20 min           14.3 ± 1.2              9.8 ± 0.8*            16.4 ± 2.7               13.9 ± 2.4
Entries c2      10–20 min           13.9 ± 1.4              9.5 ± 0.8*            17.6 ± 2.7               14.0 ± 2.4
Sniffing c1       0–5 min             37.0 ± 3.4#          33.3 ± 3.4#            31.3 ± 2.0#             34.4 ± 2.5#
Sniffing c2       0–5 min               7.5 ± 0.7              5.5 ± 0.8                8.1 ± 0.7                 6.0 ± 0.8
Sniffing c1       5–10 min           17.5 ± 2.5#          14.4 ± 1.4#            15.1 ± 1.6#             13.7 ± 1.7#
Sniffing c2       5–10 min             8.4 ± 1.3              6.7 ± 1.0                7.9 ± 1.3                 7.1 ± 1.0
Sniffing c1     10–15 min           11.1 ± 1.8              9.7 ± 0.                  8.8 ± 1.1                  8.5 ± 1.0
Sniffing c2     10–15 min           26.4 ± 2.6#          17.1 ± 2.7#            21.8 ± 2.1#              19.8 ± 2.3#
Sniffing c1     15–20 min           15.4 ± 4.2              7.8 ± 1.1                8.8 ± 1.4                  7.3 ± 0.8
Sniffing c2     15–20 min           12.3 ± 1.8            15.0 ± 2.7#            11.3 ± 1.5                  9.6 ± 1.6
Values are presented as means ± SEM. Entries are given in frequency, and sniffing is in seconds. c1 = compart-
ment 1, c2 = compartment 2. * Indicates significantly different from wildtype. # Indicates significant c1 versus 
c2 differences.
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sion 15–20 min (Fig. 7B; t18 = 2.406, p < 0.027), while female Ehmt1
+/- mice still 
revealed no preference for stranger 2 (15–20 min, Fig. 7D). 
After stranger 2 was introduced, all groups spent more time sniffing at the 
stranger 2 cage (~20 s) than the stranger 1 cage (~10 s) in session 10–15 min (wt 
males, t14 = 4.890, p < 0.0001; wt females, t24 = 5.541, p < 0.0001; Ehmt1
+/- males, 
t18 = 2.604, p < 0.018; Ehmt1
+/- females, t22 = 4.454, p < 0.0001; Table 2). In the 
FRPSDUWPHQW 
VWUDQJHU 
FRPSDUWPHQW 
VWUDQJHU 
Fig 7. Social approach: social novelty. Performed immediately following the sociability test, with stranger 
mouse 1 still in compartment 1 (c1) and stranger mouse 2 now placed in compartment 2 (c2). Male wildtype 
(n = 9, A), male Ehmt1+/− (n = 11, B), female wildtype (n = 13, C) and female Ehmt1+/− (n = 12, D) mice were then 
observed for the time (s) they spent socially exploring the now “familiar” stranger 1 or the “new” stranger 2. 
This second observation period of 10 min was divided into period 10–15 and 15–20 min. #Significant difference 
between c1 and c2.
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subsequent 15–20 min period, only the Ehmt1+/- males were sniffing more at 
stranger 2 than at stranger 1 (t18 = 2.456, p < 0.024), while the other three groups 
did not show differential sniffing anymore (Table 2). 
Male Ehmt1+/- mice had a reduced frequency of compartment entries in period 
10–20 min compared to wildtypes (c1, t16 = 2.712, p < 0.015; c2, t16 = 2.308, p < 
0.035; Table 2). Diminished rearing was also observed in period 10–20 min for 
the Ehmt1+/- mice (wt males 27.7 ± 3.3 and Ehmt1+/- males 17.5 ± 2.0, t18 = 2.704, 
p < 0.015; wt females 30.8 ± 2.8 and Ehmt1+/- females 19.8 ± 2.1, t23 = 3.133, p 
< 0.005).
Discussion
In this study we show that the Ehmt1+/- mice share several behavioral charac-
teristics with the human 9q34.3 subtelomeric deletion syndrome patients. In all 
tests, Ehmt1+/- mice are less active than wildtype animals, and show decreased 
exploration and increased anxiety when exposed to new environments or new 
objects. In addition, Ehmt1+/- animals reveal reduced social play and a dimin-
ished response to social novelty. Therefore we conclude that the hypoactivity and 
autistic-like features (Kleefstra et al., 2009;Unique, 2009;Verhoeven et al., 2010) 
of 9q34.3 subtelomeric deletion syndrome patients appear to be recapitulated in 
this Ehmt1+/- mouse model. 
Reduced exploration is a characteristic of autism patients (Pierce and Cour-
chesne, 2001). Here we show that Ehmt1+/- mice exhibit decreased exploration in 
multiple tests. They spent less time rearing and wall leaning in both open field 
tests. Furthermore, time spent investigating the new objects in the object explo-
ration task and the number of marbles buried in the marble burying test were 
reduced. It has been reported that burying behavior is reduced when locomotor 
activity is diminished, and marble burying can also result from non-specific dig-
ging behavior (Njung’e and Handley, 1991). So, the reduced marble burying seen 
in our Ehmt1+/- mice was most probably caused by their lower spontaneous (loco-
motor) activity and lower exploration drive. 
Autism is often seen in combination with elevated anxiety (Gillott and Stan-
den, 2007). Accordingly, we noticed that Ehmt1+/- mice showed increased anxiety 
in multiple tests. We observed a reduced time spent in the center region of the 
open field. In both light-dark boxes they spent more time in the dark compart-
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ment, which is an indicator of anxiety. In the mirrored chamber test they had an 
increased latency to enter the chamber for the first time, an increased number of 
feces, and a reduced frequency of being at the back of the chamber, which was 
considered the most anxiogenic part of the chamber. 
Importantly, social interaction is disturbed in autism patients (DSM-IV cri-
teria) and in a number of the 9q34.3 subtelomeric deletion syndrome patients 
(Kleefstra et al., 2009;Stewart and Kleefstra, 2007). We investigated social be-
havior of the Ehmt1+/- mice with the social play test for juvenile mice, and the 
social approach test for adults. The fact that Ehmt1+/- juvenile males showed a 
significant 2-fold decrease in social play compared to the wildtype group strongly 
suggests the presence of autistic-like features. However, we cannot exclude that 
the diminished social interaction is partly due to the hypoactive phenotype of 
Ehmt1+/- mice. A reduction in social play by Ehmt1+/- mice was not observed for 
the females, possibly because all female mice played only for a very short amount 
of time. For rats it has also been found that female juveniles play less than males 
(Vanderschuren et al., 1997). However, studies in mice used either only males 
(McFarlane et al., 2008) or found similar results for males and females using 6–9 
weeks old C57BL/6J-Gad 2mice (Dyck et al., 2009) or 30 days old outbred CD-1 
mice (Terranova and Laviola, 2001). The social approach test with adult mice 
showed that Ehmt1+/- mice have a prolonged sociability response to stranger 1, 
and a delayed or absent social novelty response to stranger 2, in terms of time 
spent in the different compartments. However, regarding the time spent sniffing 
at the strangers cages, Ehmt1+/- mice seemed to have a normal response which 
was comparable to wildtype animals (sniffing more at the newest mouse). A recent 
study using Fmr1−/y mice, an established autism model, also detected aberrant 
social behavior in these mice only for the time spent in the compartments and 
not for time spent sniffing (Moy et al., 2009). Although both Ehmt1+/- groups had 
a reduced number of entries in the compartments (only significant in the male 
group), the number of entries was high enough (more than 20 times in each 
compartment) to exclude hypoactivity as a cause for the observed genotype dif-
ferences. The prolonged sociability response of the Ehmt1+/− mice might reveal 
another autistic feature: both Ehmt1+/- groups showed a persisting preference for 
the stranger 1 mouse during 5–10 min, which could point at a preference for a fa-
miliar conspecific over a less explored area (the area with the empty cage). Period 
10–15 min revealed that Ehmt1+/- mice do not prefer to spend more time with a 
second new stranger. Since both the male and the female Ehmt1+/- groups showed 
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an abnormal pattern for time spent in the different compartments, compared to 
both wildtype groups, we conclude that social approach behavior is disturbed in 
Ehmt1+/- mice. 
Another characteristic of autism is stereotyped/repetitive behavior (DSM-IV 
criteria). This is not clearly seen in our Ehmt1+/- mice, since they showed no dif-
ferences in spontaneous T-maze alternation compared to the wildtype group. It 
should be noted, however, that the alternation rate of our wildtype animals (on a 
C57BL/6J background) was only 54%, which is low when compared to the 67% 
alternation rate described previously for C57BL/6 mice (Gerlai, 1998).
Rearing frequency was consistently reduced in Ehmt1+/- mice compared to 
wildtypes every time it was measured. It has been shown that an inbred mouse 
line selected for high rearing/exploration activity, had larger hippocampal intra- 
and infrapyramidal mossy fiber terminal fields when compared to a mouse line 
selected for low rearing/exploration activity (Crusio et al., 1989;Hausheer-Zar-
makupi et al., 1996). Thus, changes in hippocampal morphology were associated 
with differences in rearing activity. Another study showed that dynorphin B, an 
opioid confined to hippocampal CA3 mossy fibers, dependent mechanisms regu-
lated rearing activity (Van Daal et al., 1987). Possible differences in hippocampal 
morphology between wildtype and Ehmt1+/- mice still have to be investigated. But 
it is both interesting and encouraging that Ehmt1 expression in adult mouse 
brain is restricted to certain areas including the hippocampus (Kleefstra et al., 
2005). The increased anxiety in Ehmt1+/- mice could be linked to changes in the 
amygdala. A mouse line selected for high anxiety showed differential neuronal 
activation in the amygdala when compared to normal or low anxiety lines (Muigg 
et al., 2009). Also, the Rett syndrome mouse model has increased anxiety which 
has been linked to the amygdala (Adachi et al., 2009). 
The rotarod test results indicated that the hypoactivity we observed in the 
Ehmt1+/- mice in several tests appears not to be due to deficits in motor function. 
In addition, the phenotyper home cage locomotor activity was not affected in 
Ehmt1+/- mice, although it should be noted that the number of mice tested here 
was low. The higher activity during nights by the female mice, has been noted 
before (Broida and Svare, 1984;Hebda-Bauer et al., 2004;Koot et al., 2009), and 
appears to be a normal sex difference. Since adult Ehmt1+/- and wildtype mice 
weighed about the same, observed differences in locomotion/activity were not at-
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tributable to altered body weight. 
Overall, we conclude that Ehmt1+/- mice recapitulate autistic-like behavioral 
characteristics of 9q34.3 subtelomeric deletion syndrome patients. These obser-
vations make it plausible that the Ehmt1+/- mouse is a faithful mammalian model 
to gain better insight in the neuropathology of the 9q34.3 subtelomeric deletion 
syndrome. Future studies can investigate the molecular and cellular basis of the 
observed behavioral differences of Ehmt1+/- mice. In addition, tests to identify 
possible deficits in learning and memory function of Ehmt1+/- mice should be 
conducted, since mental retardation is a major hallmark of the human disease. 
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Supplementary data
Table S1. Information on animals per test
Test n= Genotype Sex Age Generation
Phenotyper 4 wt M 7 months F5
4 wt M 2 months F6
4 wt F 7 months F5
3 +/- M 7 months F5
2 +/- M 2 months F6
4 +/- F 7 months F5
4 +/- F 2 months F6
Rotarod 10 wt M 4 months F4
10 wt F 4 months F4
10 +/- M 4 months F4
10 +/- F 4 months F4
10 wt M 20 months F4
6 wt F 20 months F4
8 +/- M 20 months F4
6 +/- F 20 months F4
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wt = wildtype, +/- = Ehmt1+/-, M = male, F = female  
Open field 30 min 13 wt M 2 months F7 first cohort
5 wt F 2 months F7 first cohort
7 +/- M 2 months F7 first cohort
9 +/- F 2 months F7 first cohort
Open field 10 min 7 wt M 3 months F7 second cohort
13 wt F 3 months F7 second cohort
12 +/- M 3 months F7 second cohort
7 +/- F 3 months F7 second cohort
Object exploration 7 wt M 3 months F7 second cohort
13 wt F 3 months F7 second cohort
12 +/- M 3 months F7 second cohort
7 +/- F 3 months F7 second cohort
Marble burying 5 wt M 5 months F4
7 wt M 4 months F5
5 wt F 5 months F4
9 wt F 4 months F5
5 +/- M 5 months F4
8 +/- M 4 months F5
5 +/- F 5 months F4
5 +/- F 4 months F5
Light-dark box I 10 wt M 4-5 months F4
5 wt M 2-3 months F5
8 wt F 4-5 months F4
9 wt F 2-3 months F5
8 +/- M 4-5 months F4
7 +/- M 2-3 months F5
9 +/- F 4-5 months F4
5 +/- F 2-3 months F5
Light-dark box II 9 wt F 12-13 months F5
5 +/- F 12-13 months F5
Mirrored chamber 7 wt M 3 months F7 second cohort
13 wt F 3 months F7 second cohort
12 +/- M 3 months F7 second cohort
7 +/- F 3 months F7 second cohort
T-maze 6 wt M 2-3 months F8
10 +/- M 2-3 months F8
Social play 8 wt M 28-32 days F8
12 +/- M 28-32 days F8
4 wt F 28-32 days F8
5 +/- F 28-32 days F8
Social approach 9 wt M 3 months F8
11 +/- M 3 months F8
13 wt F 12 months F7 1st + 2nd cohort
12 +/- F 12 months F7 1st + 2nd cohort
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Table S2.  Order of tests per cohort
Table S3. PhenoTyper® home cage activity
Generation Order of tests
F4 Rotarod – Light-dark box I – Marble burying - Rotarod
F5 Light-dark box I – Marble burying – Phenotypers – Light-dark box II
F6 Phenotypers
F7 first cohort Open field – Social approach
F7 second cohort Mirrored chamber – Open field – Object exploration – Social approach
F8 Social play – T-maze – Social approach
Males Females
Wildtype (n=8) Ehmt1+/- (n=5) Wildtype (n=4) Ehmt1+/- (n=8)
Night 1 3665 ± 270 2784 ± 133 5555 ± 812 4744 ± 356
Day 1 1954 ± 90 1816 ± 165 2127 ± 173 2221 ± 243
Night 2 3615 ± 346 2860 ± 259 4710 ± 814 4453 ± 362
Day 2 1763 ± 151 1716 ± 153 1886 ± 71 2210 ± 244
Night 3 3281 ± 217 2659 ± 211 5173 ± 893 4335 ± 367
Values (cm) are presented as means ± SEM. 
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Abstract
Euchromatin histone methyltransferase 1 (EHMT1) is a highly conserved pro-
tein that catalyzes mono- and dimethylation of histone H3 lysine 9, thereby epi-
genetically regulating transcription. Kleefstra syndrome (KS), is caused by hap-
loinsufficiency of the EHMT1 gene, and is an example of an emerging group of 
intellectual disability (ID) disorders caused by genes encoding epigenetic regula-
tors of neuronal gene activity. Little is known about the mechanisms underlying 
this disorder, prompting us to study the Euchromatin histone methyltransferase 
1 heterozygous knockout (Ehmt1+/-) mice as a model for KS. In agreement with the 
cognitive disturbances observed in patients with KS, we detected deficits in fear 
extinction learning and both novel and spatial object recognition in Ehmt1+/- mice. 
These learning and memory deficits were associated with a significant reduction 
in dendritic arborization and the number of mature spines in hippocampal CA1 
pyramidal neurons of Ehmt1+/- mice. In-depth analysis of the electrophysiological 
properties of CA3-CA1 synapses, revealed no differences in basal synaptic trans-
mission or theta-burst induced long-term potentiation. However, paired-pulse 
facilitation was significantly increased in Ehmt1+/- neurons, pointing to a poten-
tial deficiency in presynaptic neurotransmitter release. Accordingly, a reduction 
in the frequency of miniature excitatory post-synaptic currents was observed in 
Ehmt1+/- neurons. These data demonstrate that Ehmt1 haploinsufficiency in mice 
leads to learning deficits and synaptic dysfunction, providing a possible mecha-
nism for the ID phenotype in patients with KS. 
Introduction
Euchromatin histone methyltransferase 1 (EHMT1) is a highly conserved gene. 
In mice, Ehmt1 shows 97% homology in the amino acid sequence compared with 
its human ortholog. Ehmt1, also called G9a-like protein (GLP) or KMT1D, forms a 
heteromeric complex with Ehmt2/G9a/KMT1C to catalyze mono- and dimethyl-
ation of lysine 9 of the histone H3 N-terminal tail in euchromatic DNA (H3K9me2)
(Tachibana et al., 2005), an epigenetic mark for transcriptional silencing (He and 
Lehming, 2003;Rice et al., 2003). Furthermore, Ehmt1 and Ehmt2 function in 
larger protein complexes with Wiz, CtBP1 and CtBP2 (Ueda et al., 2006) and other 
H3K9 methyltransferases Suv39h1/KMT1A and SETDB1/KMT1E (Fritsch et al., 
2010) to repress transcription. 
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Loss-of-function mutations or deletions of EHMT1, leading to haploinsufficien-
cy of this gene, cause a recognizable human intellectual disability (ID) syndrome 
called Kleefstra syndrome (KS; OMIM #610253) (Kleefstra et al., 2005;Kleefstra 
et al., 2006a;Kleefstra et al., 2010). Core features are ID, general developmental 
delay, childhood hypotonia and craniofacial abnormalities (Stewart and Kleefstra, 
2007). Furthermore, autistic-like behavioral problems and cardiac defects are 
common in these patients. Although KS was defined only a few years ago (Kleefs-
tra et al., 2006a), there are already 112 reported patients, and it is thought to be 
one of the most common subtelomeric deletion syndromes (Stewart and Kleefstra, 
2007;Willemsen et al., 2012). Interestingly, in a recent study we identified muta-
tions in the MLL3, SMARCB1, NR1I3 and MBD5 genes in patients with a KS phe-
notype who lacked mutations in the EHMT1 gene (Kleefstra et al., 2012). These 
genes encode epigenetic regulators and were shown to interact with EHMT1, im-
plying an epigenetic network important for cognitive abilities. Indeed, KS is an 
example of an emerging group of ID disorders that are caused by genes encod-
ing epigenetic regulators of neuronal gene activity (Kramer and van Bokhoven, 
2009;Nelson and Monteggia, 2011;van Bokhoven and Kramer, 2010). In addition, 
EHMT1 mutations have recently been identified across diagnostic boundaries, i.e. 
in ID, autism spectrum disorder and schizophrenia (Kirov et al., 2012;Talkowski 
et al., 2012;O’Roak et al., 2012).
In mice, homozygous Ehmt1 deficiency leads to embryonic lethality, whereas 
heterozygous Ehmt1+/- mice are viable and fertile (Balemans et al., 2010;Tachiba-
na et al., 2005). Recently, we have reported that Ehmt1+/- mice show hypoactivity, 
reduced exploration, increased anxiety, and aberrant social behavior when com-
pared with their wildtype littermates (Balemans et al., 2010). This recapitulates 
the autistic-like features and hypoactivity seen in KS patients (Kleefstra et al., 
2009;Unique, 2009;Verhoeven et al., 2010), making the Ehmt1+/- mouse a good 
mammalian model for this syndrome, with construct and face validity.
Despite the critical role that EHMT1 plays in human cognitive function, rela-
tively little is known about its contribution to nervous system development or how 
loss of EHMT1 function leads to cognitive impairments seen in KS. Recent studies 
have started to shed light on the role of EHMT1 in learning and memory. Memory 
deficits were revealed using a fear conditioning paradigm in mice with a homo-
zygous Ehmt1 knockout in postnatal forebrain neurons (Schaefer et al., 2009). 
Consistent with our previous observations, these mice also showed hypoactivity 
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and reduced exploration of a novel environment (Balemans et al., 2010;Schaefer 
et al., 2009). Further convincing evidence for the role of EHMT1 in learning and 
memory comes from a recent study in Drosophila that identified EHMT as a key 
regulator of classic learning and memory genes (Kramer et al., 2011). Mutant flies 
that did not express EHMT showed deficits in several memory paradigms and 
significantly reduced dendritic branching of multidendrite neurons of the larval 
body wall (Kramer et al., 2011). 
In this study, we sought to understand whether and how Ehmt1 haploin-
sufficiency in mice leads to cognitive dysfunction. We found that Ehmt1+/- mice 
displayed deficits in fear conditioned extinction learning and both the novel and 
spatial object recognition tests. At the morphological level we observed reduced 
branching and spine density in Ehmt1+/- CA1 hippocampal neurons. Finally, elec-
trophysiological recordings of CA3-CA1 synapses showed presynaptic defects. 
These data demonstrate a crucial role for Ehmt1 in synaptic transmission, and 
suggest that KS may arise from a defect in synaptic function.
Animals, Materials and Methods
Animals and genotyping
We used Ehmt1+/- heterozygous knockout mice (Tachibana et al., 2005) and 
Ehmt1+/+ wildtype littermates, kept on the C57BL/6J background. The mice were 
bred, housed and genotyped as described before (Balemans et al., 2010). The 
novel object recognition test was performed before genotyping, thus the entire lit-
ter was tested. At postnatal day (pnd) 28 a small ear perforation was taken for ge-
notyping and identification. All experiments were performed in a blinded fashion. 
All procedures involving animals were approved by the Animal Care Commit-
tee of the Radboud University Nijmegen Medical Centre, The Netherlands, con-
forming to the guidelines of the Dutch Council for Animal Care and the European 
Communities Council Directive of 24 November 1986 (86/609/EEC).
Western blot
Mice of 4, 8, 14 days and 1, 3, 10, 20 months old were sacrificed by cervi-
cal dislocation, and either whole brain or cortex and hippocampus were quickly 
dissected, frozen in liquid nitrogen, and stored at -80°C. For 10 mg of tissue, 
180 µl of RIPA lysis buffer was added, consisting of 50 mM Tris-HCl pH 8.0, 150 
mM NaCl, 0.5% NP40, 0.5% deoxycholate (DOC), 0.1% sodium dodecyl sulphate 
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(SDS), 1 mM phenylmethanesulfonylfluoride (PMSF) and 1x protease inhibitor 
cocktail (Roche Diagnostics, Mannheim, Germany). The tissue was homogenized, 
incubated for 20 min on ice and spun down at full speed for 20 min at 4°C. The 
supernatant was diluted with 2x Laemmli sample buffer and heated at 95°C for 
5 min. The samples were subjected to electrophoresis on 8% SDS-polyacrylamide 
gels and transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-
FL, Millipore). Membranes were blocked for 30 min with 3% bovine serum al-
bumin in tris buffered saline with tween (TBS-T; 10 mM Tris-HCl pH 7.5, 150 
mM NaCl, 0.05% Tween-20) and divided into two parts. One part was incubated 
with a mouse-anti-Ehmt1 antibody (1:2000, ab41969, Abcam) and the other part 
with a rabbit-anti-γ-tubulin antibody (1:2000, T5192, Sigma-Aldrich), diluted in 
blocking buffer, overnight at 4°C. After washes with TBS-T, the membranes were 
incubated with either a goat-anti-mouse-680 fluorescent secondary antibody 
(1:20,000; Westburg BV, The Netherlands) or a goat-anti-rabbit-800 antibody 
(1:20,000; Westburg BV, The Netherlands), diluted in blocking buffer for 1 hour 
at room temperature. After washes with TBS-T, the membranes were scanned 
with the LI-COR Odyssey Imager (Westburg BV, The Netherlands). Intensities of 
Ehmt1 protein bands were normalized to the corresponding γ-tubulin intensity.  
Barnes maze/12 circular holeboard spatial learning test
Wildtype (n=6 males, n=6 females) and Ehmt1+/- mice (n=6 males, n=6 females) 
of 4 months old were tested on a white circular board (diameter 110 cm), with 
12 concentric holes (diameter 4 cm) at a distance of 9 cm from the rim (Barnes 
maze). For analysis, the board was divided into four quadrants (north west, NW; 
north east, NE; south east, SE; south west, SW) with three holes each. Four 
different spatial cues were present at ~30 cm distance from the rim. Mice were 
placed in the testing room 30 min before testing, and before each mouse the ap-
paratus was thoroughly cleaned with water and dried with a paper towel.
For habituation, 7 days prior to, and during the entire experiment, an s-
shaped tube was placed in the home cages of the mice. All mice were handled 
and habituated to the testing procedure by placing them individually in an open 
cylinder, positioned around one of the holes, and they had to leave the board via 
the s-shaped escape tube. The procedure was performed two times per day, for 
4 days. The subsequent free exploration trial was performed with all 12 holes 
closed, and mice were able to explore to board for 2 min. Acquisition consisted 
of 17 trials which were executed on 9 days (2 trials per day, except for day 9 on 
which only 1 trial was performed). In these trials, 11 holes were closed and 1 hole 
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(the middle hole of the SE quadrant) was connected to the s-shaped escape tube, 
at a fixed position with respect to the spatial cues. For 2 min, or until the mouse 
escaped, the number of errors (incorrect hole visits) and escape latency (time to 
find the escape hole) were manually scored by an observer. The probe test was 
performed on the same day as the last learning trial, with all 12 holes closed, for 
2 min. An additional long-term probe test was performed 7 days later. 
This Barnes maze protocol was repeated with a second group of mice at an 
older age. Wildtype (n=11) and Ehmt1+/- (n=11) female mice (9-11 months old) 
performed the acquisition phase and probe test, with the long term probe test 
after 11 days. During a reversal learning protocol, the mice were subjected to six 
learning trials, with the escape tube located at the middle hole of the SW quad-
rant. The last learning trial was followed by a reversal probe trial. The time spent 
in each of the four quadrants was analyzed afterwards from DVD with EthoVi-
sion® video tracking software (Noldus Information Technology, The Netherlands).
Fear conditioning test
Wildtype (n=13) and Ehmt1+/- (n=10) male mice of 3 months old were tested for 
contextual and cued fear conditioning. Before testing, the animals were handled 
for 7 days in order to reduce stress. The mice were housed separately during the 
experiment. Each mouse was transported to the testing room immediately prior 
to the start of the trial, and before each mouse the apparatus was thoroughly 
cleaned with water and dried with a paper towel.
We used the StartFear system (Panlab, S.L.U., Barcelona, Spain) which 
consisted of a 25x25x25 cm box with black methacrylate walls, a transparent 
front door and a grid on the floor, situated on a high-sensitivity weight trans-
ducer platform. The setup was placed in a sound-attenuating cubicle. Footshock, 
background noise, house light and tone were all controlled by Freezing software 
(v1.3.04 Panlab, S.L.U., Barcelona, Spain). The gain of the weight transducer was 
set at x5000, the AC filter at 0.5Hz, and the gain to the computer at x16. Detec-
tion of freezing was done automatically by the software according to the following 
settings: the activity of the mouse should be at least 1500 ms below a threshold 
of 5.5 (arbitrary units). Additionally, the investigator kept track of jumping, run-
ning and vocalizing responses to the footshock, and amount of feces and urine. 
All trials were video recorded.
During all trials, the house light was turned on and the speaker delivered 60 
dB white noise. For acquisition, the investigator wore a blue coat and blue gloves 
and 10% ethanol was applied to the chamber walls. The mouse was allowed to 
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explore the chamber for 2 min. Then, a 85 dB 2800 Hz tone was presented for 30 
s that co-terminated with a 1 s 0.5 mA footshock, followed by a 1 min intertrial in-
terval (ITI). This tone-footshock-ITI cycle was repeated three times more. The con-
text test was done 24 hours after acquisition in the same black context with 10% 
ethanol scent. The mice were allowed to explore for 5 min and freezing was auto-
matically detected by the software. Testing for tone association was performed 48 
hours after acquisition in the same box. However, walls were replaced by white 
ones and the grid was covered by a white smooth floor, also the transparent front 
door was made white. The investigator wore a white coat and white gloves and 
almond scent was applied to the walls. After 2 min free exploration, the 85 dB 
2800 Hz tone was presented for 30 sec followed by a 1.5 min ITI. This tone-ITI 
cycle was repeated two times more. Five days after acquisition, we started a tone 
extinction paradigm, for 6 days, with the white background settings. After 1 min 
exploration, the 85 dB 2800 Hz tone was presented for 30 sec, followed by a 1 min 
ITI. This tone-ITI cycle was repeated four times more. 
Acoustic startle reflex and auditory brainstem response measurements
Male wildtype (n=9) and Ehmt1+/- mice (n=9) of 3 months old were tested for 
their reaction to an acoustic stimulus with a startle response system (SR-LAB, 
San Diego Instruments, USA). Each mouse was placed in a non-restrictive Plexi-
glas cylinder (4 cm diameter, 8.5 cm length), resting on a platform that was 
able to transduce vibrations produced by the whole-body startle response of the 
mouse. The cylinder was situated in a sound attenuated chamber containing a 
speaker that provided the acoustic stimuli and a continuous background noise. 
The trial started with 5 min habituation to the 70 dB background noise, followed 
by seven blocks with seven sound levels per block: 70 (no stimulus), 80, 90, 
100, 110, 120, 130 dB, presented in a pseudo-random order. The time between 
two stimuli was 10, 12, 15, 18 or 20 s, also determined pseudo-randomly. Each 
stimulus was presented for 30 ms and the startle response was measured during 
a 30 ms period. 
A part of these mice (n=5 wildtype and n=8 Ehmt1+/- mice) was then tested for 
their hearing abilities using the auditory brainstem response (ABR) measurement 
as described before (supplemental data of (Shin et al., 2007). 
Novel object recognition test
Wildtype (n=6 males, n=9 females) and Ehmt1+/- mice (n=5 males, n=2 females) 
of 6 weeks old were tested using the novel object recognition test. We used a 
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square open field (50x50x40cm, LxDxH) with white plastic walls. Four different, 
non-displaceable objects were used. These objects were selected for their equal 
appeal, based on pilot work with C57BL/6J mice. The objects were available in 
triplicate to avoid olfactory trails. The open field and objects were cleaned thor-
oughly with water before each trial. All mice were placed in the test room 30 min 
before testing. The mice were habituated to the open field 5 min per day, for 2 
days.
For training trial 1, the open field contained two identical objects (P1 and P2), 
placed in two opposite corners 10 cm away from the wall. The mouse was placed 
in a third corner, and allowed to explore for 5 min. After an ITI of 10, 40 or 80 
min, the mouse was placed in the open field again for test trial 2, with two new 
objects (one similar P and one dissimilar Q). Each mouse performed each ITI with 
a 48 hour interval, and the order of the ITIs was randomized. Also, the location of 
objects P and Q during trial 2 was determined randomly. For each ITI, the mouse 
had different objects for P and Q, which could be any of the four available objects. 
Both trials 1 and 2 (5 min each) were recorded on DVD and object exploration 
(in seconds) was scored manually by an observer. Exploration was defined as fol-
lows: directing the nose to the object at a distance of no more than 2 cm and/or 
touching the object with the nose. Sitting on the object was not scored as object 
exploration. 
Spatial object recognition test
Wildtype (n=5 males, n=5 females) and Ehmt1+/- mice (n=4 males, n=6 females) 
of 4 months old were tested in the spatial object recognition test, according to 
(Roozendaal et al., 2010). The mice were habituated to the open field 5 min per 
day, for 3 days. For training trial 1 the open field contained two identical objects 
(P1 and P2) placed in two parallel corners 15 cm away from the wall and each 
mouse, placed in a third corner, was allowed to explore for 10 min. Trial 2 was 
performed after an ITI of 60 min, and mice were exploring the open field with ob-
ject P1 still in the same position and object P2 in a changed location (chP2, in the 
opposite corner of the open field) during 5 min. Spatial cues were the camera on 
a tripod, black paper covering the window and a green notice board. Both trials 1 
(10 min) and 2 (5 min) were recorded on DVD and object exploration (in seconds) 
was scored manually by two independent observers. 
For both novel and spatial object recognition tests, the d2 discrimination pa-
rameter (Prickaerts et al., 2002) was calculated. This value represents the dis-
crimination between the new/displaced object and the similar/non-displaced 
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object, including a correction for the total exploration activity of each mouse. 
This value was calculated by the following formula: (Q-P)/(P+Q) for novel object 
recognition, or (chP2-P1)/(P1+chP2) for spatial object recognition with values in 
time (s). 
Golgi staining
Brains of 3 months old male wildtype (n=6) and Ehmt1+/- (n=7) mice were 
quickly removed after decapitation, and placed in Golgi-Cox solution (1.04% po-
tassium dichromate, 1.04% mercury chloride, 0.83% potassium chromate, dis-
solved in double distilled water) for 3 weeks. The brains were rinsed four times 
in water for 5 min, and dehydrated in 70% EtOH (O/N), 96% EtOH (O/N), 100% 
EtOH (8 h) and 1:2 EtOH/ether (O/N). Then, the brains were saturated by con-
secutive overnight incubations in 3, 6 and 12% celloidin. Celloidin was cleared 
with chloroform before 200 µm coronal sections were cut. Staining was developed 
by a 5 min rinse in water, 30 min in 16% ammonia, a 2 min rinse in water, 7 
min in 1% sodium thiosulphate and 2x 5 min rinse in water followed by dehydra-
tion for 5 min in 70% EtOH, 5 min in 96% EtOH, 5 min in butanol and 5 min in 
Histo-clear (Biozym, Landgraaf, The Netherlands). The sections were mounted in 
Histomount (National Diagnostics, Atlanta, GA, USA) under glass coverslips.
We selected n=30 wildtype and n=35 Ehmt1+/- hippocampal CA1 pyramidal 
neurons (according to (Ramakers et al., 2012)). Each neuron was traced with 
Neurolucida software (version 9, MBF Bioscience, Vermont, USA) with a 40x ob-
jective. The acquired data were analyzed with Neurolucida explorer. We performed 
branching analysis and Sholl analysis, for apical and basal dendrites separately. 
Branching analysis was done according to centrifugal ordering (see Fig 5A) to 
determine: the total length of all branch parts together, number of branch parts, 
the highest branch order, the total number of endings and the total surface area 
of all branch parts together. For the Sholl analysis, the software placed concentric 
circles around the cell body spaced 10 µm apart, and the number of intersections 
was quantified.  
Dendritic spine analysis was performed with a 100x objective on 30 µm long 
sections of secondary and tertiary branches of the apical dendrite that originated 
at an 80 µm distance from the soma. Both total number and morphological cat-
egory (adopted from (Irwin et al., 2001)) were recorded.   
Preparation of acute hippocampal slices and organotypic brain slices
Acute hippocampal brain slice preparation was performed as described pre-
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viously (Kopanitsa et al., 2006). In brief, 7 months old male wildtype (n=9) and 
Ehmt1+/- (n=10) mice were sacrificed by cervical dislocation and the brains were 
immediately immersed in ice-cold “cutting” solution (110 mM sucrose, 60 mM 
NaCl, 28 mM NaHCO3, 1.25mM NaH2PO4, 3 mM KCl, 7 mM MgSO4, 0.5 mM CaCl2, 
5 mM glucose, 0.0015 mM phenol red) gassed with a gas mixture of 95%O2 and 
5%CO2. Whole brain slices were cut at 350 µm thickness by a Vibroslice MA752 
(Campden Instruments, Loughborough, UK) in a way that the blade would cut 
through hemispheres at an angle of 20-30° to their horizontal planes. “Cutting” 
solution in the temperature-controlled Peltier bath was maintained at 0-3°C and 
constantly saturated with a mixture of 95% O2 and 5% CO2. Slices were placed 
into a well of a slice chamber (Fine Science Tools, Foster City, CA, USA) and 
kept interfaced between moist air and subfused fresh artificial cerebrospinal fluid 
(ACSF) that contained 124 mM NaCl, 25 mM NaHCO3, 1 mM NaH2PO4, 4.4 mM 
KCl, 1.2 mM MgSO4, 2 mM CaCl2, 10 mM glucose, and 0.0015 mM phenol red. 
Temperature in the chamber was slowly increased to 30°C for the rest of the incu-
bation time. Slices rested under these conditions for at least 2 to 3 hours before 
experiments commenced.
Organotypic hippocampal slice cultures were prepared from pnd 8 mouse 
pups (wildtype n=3, Ehmt1+/- n=3) as described (Nadif Kasri et al., 2011) and used 
for electrophysiology experiments at 7 to 8 days in vitro (DIV).
Experimental settings for electrophysiological measurements
Acute hippocampal slices were used to record field excitatory post-synaptic 
potentials (fEPSPs), by the MEA60 electrophysiological suite (Multi Channel Sys-
tems, Reutlingen, Germany). Eight set-ups consisting of a MEA1060-BC pre-am-
plifier and a filter amplifier (gain x550) were run simultaneously by a data acqui-
sition unit operated by MC_Rack software. Raw electrode data were digitized at 
10 kHz and stored on a PC hard disk for subsequent analysis. To record fEPSPs, 
a hippocampal slice was placed into the well of a 5x13 3D multi-electrode array 
(MEA) biochip (Ayanda Biosystems, Lausanne, Switzerland). The slice was guided 
to a desired position with a fine paint brush and gently fixed over MEA electrodes 
by a silver ring with attached nylon mesh lowered vertically by a one-dimensional 
U-1C micromanipulator (You Ltd, Tokyo, Japan). MEA biochips were fitted into 
the pre-amplifier case and fresh ACSF was delivered to the MEA well through a 
temperature-controlled perfusion cannula that warmed perfused media to 32°C. 
Monopolar stimulation of Schäffer collateral/commissural fibers through array 
electrodes was performed by a STG4008 stimulus generator (Multi Channel Sys-
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tems, Reutlingen, Germany). Biphasic (positive/negative, 100 µs/a phase) voltage 
pulses were used. Amplitude, duration and frequency of stimulation were con-
trolled by MC_Stimulus II software. All long-term potentiation (LTP) experiments 
were performed using two-pathway stimulation of Schäffer collateral/commis-
sural fibers (Andersen et al., 1977;Schwartzkroin and Wester, 1975). Our previ-
ous experiments that utilized MEAs demonstrated that largest LTP was recorded 
in the proximal part of apical dendrites of CA1 pyramidal neurons (Kopanitsa et 
al., 2006). We have therefore picked a single principal recording electrode in the 
middle of proximal part of CA1 and assigned two electrodes for stimulation of 
the control and test pathways on the subicular side and on the CA3 side of SR 
respectively. The distance from the recording electrode to the test stimulation 
electrode was 400-510 µm and to the control stimulation electrode 316-447 µm. 
Organotypic hippocampal slice cultures were used to record miniature excit-
atory post-synaptic currents (mEPSCs) with Multiclamp 700B amplifiers (Axon 
Instruments). Slices were transferred to the recording chamber which was per-
fused with artificial cerebrospinal fluid (ACSF) containing 119 mM NaCl, 2.5 mM 
KCl, 2.5 mM CaCl2, 1 mM MgCl2, 26 mM NaHCO3, 1 mM NaH2PO4, 11 mM glu-
cose, 0.1 mM picrotoxin and 4 mM 2-chloroadenosine (pH 7.4), and gassed with 
95% O2 and 5% CO2. Recordings were made at 30°C. Patch recording pipettes 
(3–5 mV) were filled with intracellular solution containing 115 mM cesium meth-
anesulfonate, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl2, 4 mM Na2ATP, 0.4 mM 
Na3GTP, 10 mM sodium phosphocreatine and 0.6 mM EGTA (pH 7.25). Sponta-
neous responses were recorded at -60 mV (mEPSC) in ACSF containing 2.5 mM 
CaCl2 and 1.2 mM MgCl2 at 30°C. mEPSCs were recorded in the presence of 1 mM 
tetrodotoxin, 0.1 mM picrotoxin and 0.1mM AP-5.
Electrophysiological data analysis
To evoke orthodromic fEPSPs in the acute slices, stimulation electrodes were 
activated at a frequency of 0.02 Hz. The 20%-80% slope of the negative part 
of fEPSPs was used as a measure of the synaptic response. Following at least 
10-15 min of equilibration period inside a MEA well, input-output relationships 
were obtained and baseline stimulation strength was set to evoke a response 
that corresponded to ~40% of the maximal attainable fEPSP at the principal re-
cording electrode. Paired-pulse facilitation (PPF) was observed after stimulating 
Schäffer collateral/commissural fibers with a pair of pulses at baseline stimula-
tion strength and an interpulse interval of 50 ms. The PPF value was calculated 
as fEPSP2/fEPSP1*100%. Average data from five paired-pulse stimulations were 
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used for each slice. LTP was induced after a 30 min period of stable baseline re-
sponses by applying a theta-burst stimulation (TBS) train consisting of 10 bursts 
given at 5 Hz with four pulses given at 100 Hz per burst. Stimulus strength 
was not altered during TBS. LTP plots were scaled to the average of the first five 
baseline points. To account for a possible drift of baseline conditions, the ampli-
tude values in the test pathway were normalized by respective amplitudes in the 
control pathway prior to statistical comparison. LTP magnitude was assessed by 
averaging normalized fEPSPs in the test pathway 60-65 min after TBS episode.
From the organotypic slices, mEPSCs were measured from 5 to 10 min of 
recordings from each cell. Data were acquired at 10 kHz, filtered at 2 kHz and 
analyzed using the Mini Analysis Program (Synaptosoft).  
Statistical analyses
All data are presented as means ± SEM. Unless stated otherwise, the statistical 
significance of differences between two groups was assessed using the indepen-
dent samples t-test (SPSS 17.0). Barnes maze learning curves, fear conditioning 
acquisition and extinction data, and Golgi Sholl analysis were tested using a re-
peated-measures ANOVA (SPSS 17.0). The differences in mEPSCs were assessed 
by the Mann-Whitney U test for unpaired recordings (SPSS 17.0). Input-output 
relationships were initially compared with mixed model repeated-measures ANO-
VA and Bonferroni post-hoc test implemented in Prism 5 (GraphPad Software, 
Inc., San Diego, CA, USA) using individual slice data as independent observa-
tions. Since several slices were routinely recorded from every mouse, fEPSPmax, 
PPF and LTP values between wildtype and Ehmt1+/- mice were then compared 
using two-way nested ANOVA design with genotype (group) and mice (sub-group) 
as fixed effects. Fisher’s F-statistic was calculated as mean of squaresgenotype/mean 
of squaresresidual and genotype effect was considered significant if the following two 
conditions were met: (a) the corresponding probability for the group F-statistic 
should be <0.05 and (b) the sub-group effects should be non-significant. For the 
Barnes maze, novel and spatial object recognition tests, male and female data 
were analyzed separately and, when not significantly different, pooled within a 
genotype group. For all analyses, the statistical significance was set at p < 0.05.
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Results
Ehmt1 protein expression decreases rapidly after birth 
To start understanding the function of Ehmt1 in learning and memory, we first 
performed a detailed analysis of Ehmt1 protein expression patterns from early 
postnatal development throughout the entire lifespan of wildtype and Ehmt1+/- 
mice, a construct valid model for KS (Tachibana et al., 2005). Interestingly, Ehmt1 
levels were initially high at P4 and showed an ~10-fold reduction within the first 
month after birth in wildtype mouse brain (p < 0.001; Fig 1A). In addition, the 
levels in Ehmt1+/- brains were significantly reduced by ~40-50% compared with 
wildtype at the age of 4 days (p < 0.007), 8 days (p < 0.001), 14 days (p < 0.001) 
and 1 month (p < 0.012; Fig 1A), confirming that haploinsufficiency of the Ehmt1 
gene leads to a strong reduction in protein levels. From 1 month of age onwards, 
Ehmt1 levels were at a constant low level in both cortex (Fig 1B) and hippocam-
pus (Fig 1C) up to 20 months of age. Notably, the significantly diminished expres-
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Fig 1. Ehmt1 expression levels decrease significantly with age. (A1) Ehmt1 protein levels of 4, 8, 14 
days and 1 month old wildtype (n=4–5) and Ehmt1+/- (n=4–5) mice were initially high (postnatal day 4 set at 
1.0) and decreased with age. In addition, protein levels of Ehmt1+/- mice were significantly reduced. (A2) shows 
representative western blots. (B) Ehmt1 protein levels in the cortex of adult mice remain at a constant lower 
level at 1, 3, 10 and 20 months, compared with the younger ages. (C) Ehmt1 protein levels in hippocampus of 
adult mice also remain at a low level from1 until 20 months of age. (D)Representative images of hematoxylin 
and eosin stained hippocampus sections of 3 months old wildtype (D1) and Ehmt1+/- mice (D2), showing no 
gross morphological abnormalities. *p < 0.05, **p < 0.01, ***p < 0.001, bar = 200 µm.
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sion in Ehmt1+/- mice was observed at all ages in cortex (1m: p < 0.049; 3m: p < 
0.013; 10m: p < 0.007; 20m: p < 0.002; Fig 1B) and hippocampus (1m: p < 0.013; 
3m: p < 0.022; 10m: p < 0.002; 20m: p < 0.029; Fig 1C). The strong decrease in 
protein levels within the first month after birth implies that Ehmt1 plays a role in 
the developing brain. However, when we examined the gross morphology of the 
hippocampus in adult mice of 1, 3, 10 and 20 months of age, no apparent dif-
ferences in layering were observed between wildtype and Ehmt1+/- mice (Fig 1D).  
Ehmt1+/- mice are not affected in Barnes maze spatial learning and memory
Because of the severe ID in KS patients and the expression of Ehmt1 in mouse 
hippocampus, we assessed learning and memory abilities of Ehmt1+/- mice in 
multiple learning and memory tests. Spatial navigation was tested in the Barnes 
maze (Barnes, 1979;Streijger et al., 2005). The mice were subjected to repetitive 
training by means of 17 learning trials, with the escape hole at a fixed position 
with respect to the spatial cues, and the other holes being closed (Fig 2A). Dur-
ing acquisition both genotypes showed a learning curve, with decreasing escape 
latencies (Fig 2B). The subsequent probe test, with all 12 holes closed, revealed 
a high preference for the escape quadrant (SE) by wildtype and Ehmt1+/- mice, 
Fig 2. Spatial learning and memory characteristics of Ehmt1+/- mice in the Barnes maze. (A) Wild-
type (n=12) and Ehmt1+/- (n=12) mice had to learn the location of the escape hole, located in the middle hole of 
the SE quadrant, by using distant visual spatial cues. (B) Both genotypes showed comparable and decreasing 
escape latencies during acquisition. (C) During the subsequent probe test, with all 12 holes closed, both groups 
showed a high preference for the escape quadrant. (D) A long-term probe test, 7 days later, revealed no geno-
type differences. The arrows indicate the SE escape quadrant for the probe tests.
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indicating no genotype differences in memory of the previous escape location (Fig 
2C). A long-term memory probe test was performed 7 days later, again showing 
escape quadrant preferences in both genotype groups (Fig 2D).
We then performed the Barnes maze paradigm with another group of animals 
that were older (9-11 months) than the first group (4 months). The acquisition 
learning curves of the older wildtype and Ehmt1+/- groups were highly similar to 
those of the younger group (data not shown). The escape quadrant preferences 
during the probe test (wildtype 41.2 ± 2.2%, Ehmt1+/- 43.9 ± 2.5%) and long-
term probe test (wildtype 35.1 ± 2.7%, Ehmt1+/- 36.7 ± 4.1%) were also similar 
to the younger group, with no genotype differences revealed. This older group 
subsequently performed a reversal learning paradigm, during which the escape 
hole was relocated to the middle hole of the SW quadrant. Still, no learning and 
memory impairments in the Ehmt1+/- mice were revealed (wildtype 38.9 ± 3.5%, 
Ehmt1+/- 41.8 ± 4.7% SW escape quadrant preference). Together, these data show 
that after repetitive training trials in the Barnes maze, Ehmt1+/- mice have spatial 
learning and memory capabilities that are similar to their wildtype littermates.
Ehmt1+/- mice show impaired fear conditioned extinction and an increased sensitiv-
ity to external stimuli
We evaluated associative learning in Ehmt1+/- mice by using a fear condition-
ing paradigm. This form of learning is studied and observed in many species, 
including rodents and humans, involving multiple brain areas, including the hip-
pocampus, amygdala and prefrontal cortex (Lang et al., 2009;Maren, 2008;Phil-
lips and LeDoux, 1992;Abumaria et al., 2011;Morgan and LeDoux, 1995). Here 
we studied both contextual and cued fear conditioning, and cued fear extinction. 
During the acquisition phase, the animals received a total of four footshocks 
that were each preceded by a 30 sec tone. The time the mice spent freezing was 
measured as an indicator for learning and memory. Wildtype and Ehmt1+/- mice 
displayed no freezing during the exploration phase and the first 30 sec tone, 
when no footshock had been applied (Fig 3A). After the first footshock freezing 
increased gradually during acquisition (Fig 3A). Interestingly, Ehmt1+/- mice dis-
played twice as much freezing compared with wildtype during this acquisition 
phase (F1,21 = 15.256, p < 0.001; Fig 3A). During the context test, 24 h after 
acquisition, wildtype and Ehmt1+/- mice displayed freezing behavior, indicating 
that they learned the association between the context and the aversive stimulus. 
Ehmt1+/- mice again showed twice as much freezing compared with wildtypes (p < 
0.017; Fig 3B), but for each group the context test freezing level was comparable 
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with the acquisition freezing level. During the tone test, which was performed 
48 h after acquisition in a different context, tone presentation induced freezing 
behavior. Pre-tone freezing was higher in Ehmt1+/- mice (p < 0.008). During tone 
presentations however, we did not observe any significant differences between 
genotypes (Fig 3B). We then assessed the ability of mice to extinguish a condi-
tioned response to the cue by means of extinction training. This active form of 
learning (Robleto et al., 2004) depends upon interactions between the prefrontal 
cortex and amygdala (Sotres-Bayon et al., 2004), whereas the hippocampus influ-
ences contextual modulation of extinction (Bouton et al., 2006). Training was per-
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Fig 3. Increased sensitivity and impaired fear extinction learning in Ehmt1+/- mice. The % time freez-
ing levels of wildtype (n=13) and Ehmt1+/- (n=10) mice during the fear conditioning test. (A) During acquisition 
mice received a total of four footshocks, indicated by grey flashes, at the end of each 30 s tone period. Freez-
ing increased gradually during the trial, with significantly increased freezing in the Ehmt1+/- mice. (B) Context 
memory was tested for 5 min, 24 h after acquisition, during which the freezing levels were significantly higher 
in Ehmt1+/- mice. Tone memory was tested 48 h after acquisition, in an alternate context. After the first tone, 
freezing levels increased indicating that both genotypes learned the association, but without revealing signifi-
cant differences between the two groups. (C) Tone extinction started 5 days after acquisition, in the alternate 
context. Each session contained five 30 s tones, each followed by a 1 min ITI. Values are averaged per session. 
Wildtype mice showed a significant decrease in freezing levels from day 1–6; however, this was not observed 
for the Ehmt1+/2 mice.*p < 0.05, ** p < 0.01, *** p < 0.001, expl = exploration phase, ITI = intertrial interval.
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formed by administering five tones per session per day, during 6 days (Fig 3C). On 
extinction day 1, wildtype mice demonstrated decreased freezing levels compared 
with the tone test. Furthermore, their freezing levels decreased significantly over 
time (F5 = 5.007, p < 0.001) and were reduced by 53% on day 6 compared with 
day 1 (Fig 3C). In contrast, Ehmt1+/- mice continued to demonstrate high freezing 
levels, which did not significantly decrease over time (F5 = 1.629, p < 0.172), with 
only a 21% reduction from day 1 to day 6 (Fig 3C). In summary, Ehmt1+/- mice 
showed increased freezing levels during acquisition and context testing, which 
might point to either enhanced associative learning or an increased sensitivity to 
sensory stimuli. For both groups however, the context test freezing levels were 
comparable with their respective acquisition freezing levels, thus increased sensi-
tivity is a more likely explanation. Interestingly, Ehmt1+/- mice showed decreased 
fear extinction compared with wildtypes.
The heightened freezing response to footshock of the Ehmt1+/- mice may indi-
cate an increased sensitivity to sensory stimuli. To investigate this further, mice 
were exposed to acoustic stimuli of increasing decibels (dB) and their startle re-
sponse amplitude was measured (Table 1). Strikingly, Ehmt1+/- mice showed 60% 
increased startle responses for the 110, 120 and 130 dB pulses compared with 
wildtype (110 dB, p < 0.021; 120 dB, p < 0.007; 130 dB, p < 0.011; Table 1). To 
exclude any hearing difference between the genotypes, we investigated the audi-
tory brainstem response which revealed equal hearing abilities between wildtype 
and Ehmt1+/- mice (Table 1). The observations of (1) the enhanced freezing to foot-
shock and (2) the amplified startle response to loud sound, together point to an 
increased sensitivity to external stimuli in the Ehmt1+/- mice.
    
        Startle response (amplitude in arbitrary units)
        70 dB               80 dB               90 dB               100 dB               110 dB                 120 dB                    130 dB
Wildtype        17.1 ± 0.7        15.6 ± 0.8         32.0 ± 5.8          90.1 ± 11.4       214.3 ± 24.7         340.2 ± 40.4           369.9 ± 37.7
Ehmt1+/-         15.1 ± 0.8        16.1 ± 1.0         23.2 ± 3.8        116.3 ± 17.9       347.2 ± 45.8*       559.6 ± 58.1**         609.2 ± 74.1*
        ABR measurements (threshold in dB)
        Click                8 kHz                16 kHz             32 kHz
Wildtype         8.0 ± 3.2         32.0 ± 1.6         28.0 ± 4.3         50.0 ± 5.1       
Ehmt1+/-        13.7 ± 1.7         28.9 ± 3.1         23.3 ± 2.1         48.3 ± 3.1       
Sensitivity to external stimuli was investigated by the acoustic startle reflex. Ehmt1+/- mice (n=9) showed a signifi-
cantly increased response to sound pulses of 110, 120 and 130 dB, compared with wildtypes (n=9). Background 
noise was at the level of 70 dB. ABR measurements showed no differences in hearing ability between the genotypes 
(wildtype n=5, Ehmt1+/- n=8). * p < 0.05, ** p < 0.01 compared with wildtype, ABR = auditory brainstem response.
Table 1. Ehmt1+/- mice have an increased sensitivity to acoustic stimuli in the startle response test 
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Ehmt1+/- mice show impairments in the novel and spatial object recognition tasks
Given the increased sensitivity of Ehmt1+/- mice towards sensory stimuli, we 
next examined learning and memory behavior without involvement of an aver-
sive stimulus. To this end, we tested the Ehmt1+/- mice in two object recognition 
paradigms that rely on the animal’s spontaneous exploratory behavior (Ennaceur 
and Delacour, 1988;Sik et al., 2003;Kolkman et al., 2004). The novel and spatial 
object recognition tests require hippocampus function to a lesser and a greater 
extent, respectively (Albasser et al., 2010;Broadbent et al., 2004;Barker and War-
burton, 2011). In the novel object recognition test, mice were tested for their abil-
ity to differentiate between a new object and a familiar one after different intertrial 
intervals (ITIs). In trial 2, wildtype mice spent significantly more time exploring 
the new object Q, compared with familiar object P, after 10 and 40 min ITIs (both 
p < 0.001; Table 2). However, after 80 min the wildtype mice did not show any 
preference for object Q anymore as demonstrated by equal 50% exploration times 
(Table 2). The absence of object preference after 80 min has also been observed in 
other studies with a 5 min pre-exposure (Bertaina-Anglade et al., 2006;Sik et al., 
2003). In contrast, Ehmt1+/- mice did not show any significant preference for ob-
ject Q compared with object P after 10 and 80 min ITIs (Table 2). After 40 min ITI, 
the Ehmt1+/- mice spent significantly more time exploring the new object Q (p < 
0.016; Table 2), which was similar to wildtype mice. To take into account the total 
exploration activity, the d2 discrimination parameter was calculated (Prickaerts 
et al., 2002). With this d2 value we were able to compare the genotype groups. 
                         Trial 2             Wildtype               Ehmt1+/-
Novel object recognition       Object P         25.6±3.1%            42.3±7.2%
10 min ITI                             Object Q         74.4±3.1%***        57.7±7.2%
Novel object recognition       Object P         36.3±4.4%            39.2±5.5%
40 min ITI                             Object Q         63.7±4.4%***          60.8±5.5%*
Novel object recognition       Object P         49.9±4.1%            51.5±7.7%
80 min ITI                             Object Q         50.1±4.1%            48.5±7.7%
Spatial object recognition     Object P1       38.0±1.4%            47.8±3.6%
60 min ITI                             Object chP2    62.0±1.4%***       52.2±3.6%
Table 2. Ehmt1+/- mice show impairments in the novel and spatial variants of the object recogni-
tion test
t Learning and memory abilities were tested with the novel (n=15 wildtype and n=7 Ehmt1+/- mice) and spatial 
(n=10 wildtype and n=10 Ehmt1+/- mice) object recognition tests. The specific exploration of each object during 
the 5 min trial 2 is shown in percentage of total exploration time. * p < 0.05, *** p < 0.001 significantly more 
exploration of the new object Q compared with familiar object P, or the changed location object chP2 compared 
with the non-displaced object P1 within one genotype group, ITI = intertrial interval.
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Ehmt1+/- mice showed a significantly lower d2 value at 10 min ITI, confirming 
their reduced preference for the new object (p < 0.021; Fig 4A). 
In the spatial variant, the mice needed to discriminate between the new and 
the previous location of an object. Trial 2 was performed after a 60 min ITI, with 
object P2 being displaced (Fig 4B). Wildtype mice demonstrated a significantly 
longer exploration of object P2 in the changed position (chP2), compared with 
object P1 (p < 0.001; Table 2). In contrast, Ehmt1+/- mice did not spend more 
time exploring chP2, compared with the non-displaced object P1, as shown by 
P1
P2
Trial 1
P
Q
Trial 2
ITI
A  Novel object recognition
B  Spatial object recognition
P1 P2
Trial 1
P1
Trial 2
ITI
ch
P2
wt
+/-
wt
+/-
               10 min             40 min             80 min ITI 
*
*
0.0
0.1
0.2
0.3
0.4
D
is
cr
im
in
at
io
n 
in
de
x
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
D
is
cr
im
in
at
io
n 
in
de
x
60 min ITI
Fig 4. Impaired novel and spatial object recognition memory in Ehmt1+/- mice. (A) Novel object rec-
ognition test. Mice needed to discriminate the new object Q from the familiar object P in trial 2. The discrimina-
tion index d2 was calculated from the exploration times (s) for objects P and Q according to the formula: (Q - P)/
(P + Q). Ehmt1+/- mice (n=7) showed a significantly reduced discrimination index at 10 min ITI when compared 
with wildtype (n=15). Furthermore, at 80 min ITI both genotypes did not discriminate the new object as indicat-
ed by a discrimination index of around 0. (B) Spatial object recognition test. Now, mice needed to discriminate 
the changed location of object P2 (chP2) from the non-displaced object P1. The discrimination index d2 was 
calculated from the exploration times (s) for objects P1 and chP2 according to the formula: (chP2 - P1)/(P1 + 
chP2). Wildtype mice (n=10) showed clear discrimination between objects P1 and chP2, whereas  Ehmt1+/- mice 
(n=10) revealed a significantly lower d2 value at 60 min ITI. Notably, Ehmt1+/- mice did not show any discrimina-
tion between P1 and chP2 as  demonstrated by a d2 value around 0. * p < 0.05, ITI = intertrial interval.
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equal exploration times for both objects (Table 2). When comparing the genotype 
groups, Ehmt1+/- mice showed no discrimination of the displaced object chP2, in 
contrast to wildtype mice (p < 0.021; Fig 4B). Of note, in both tasks we observed 
less exploration of Ehmt1+/- mice compared with wildtype mice, corroborating our 
previous observations (Balemans et al., 2010). 
Together, the data indicate that Ehmt1+/- mice show memory impairment in 
both novel and spatial object recognition. Combined with the observed deficits in 
conditioned fear extinction learning, our observations clearly demonstrate that 
Ehmt1+/- mice display significant learning and memory deficits.    
Ehmt1+/- hippocampal neurons have reduced dendritic arborization and decreased 
spine density
Having established a role for Ehmt1 in learning and memory behavior, we 
examined whether the learning and memory deficits in the Ehmt1+/- mice were 
associated with changes in neuronal morphology, as is the case for different ID 
syndromes (Auerbach et al., 2011;Kaufmann and Moser, 2000;Mercaldo et al., 
2009;van Bokhoven, 2011;Pavlowsky et al., 2011). We performed an in-depth 
morphological analysis of Golgi-stained hippocampal CA1 pyramidal neurons. 
Branching phenotype of apical and basal dendrites was assessed by centrifu-
gal ordering (Fig 5A). When compared with wildtype, Ehmt1+/- neurons showed 
a reduced total length (p < 0.050; Fig 5B), reduced number of branch parts (p < 
0.049; Fig 5C), reduction in the highest branch order (p < 0.039; Fig 5D), reduced 
number of endings (p < 0.047; Fig 5E) and smaller total surface area (p < 0.021; 
Fig 5F) of the apical dendrite. For the basal dendrites, we observed the same 
trends (Fig 5B-F), but it only reached significance for the total surface area (p < 
Fig 5. Ehmt1+/- neurons show reduced dendritic arborization and reduced spine density. (A) Hip-
pocampal CA1 pyramidal neurons were analysed according to centrifugal ordering in panels B–F. Numbers 
indicate branch order. This branching analysis was performed on wildtype (n=30) and Ehmt1+/- (n=35) neurons 
for apical and basal dendrites separately for the (B) total length of all branch parts together, (C) number of 
branch parts, (D) highest branch order, (E) number of endings, and (F) surface area of all branch parts together. 
(G1, G2) Representative wildtype and Ehmt1+/- neurons, bar = 20 µm. (H) For Sholl analysis (inset), concentric 
circles were placed around the soma and the number of intersections was quantified for wildtype (n=30) and 
Ehmt1+/- (n=35) neurons. Ehmt1+/- mice displayed a significantly reduced number of intersections for the api-
cal dendrite. (I) The number of intersections following Sholl analysis for the basal dendrites. (J) The number of 
spines was quantified on secondary and tertiary branches of the apical dendrite of CA1 pyramidal neurons, 
showing a significantly reduced spine density in Ehmt1+/- (n=33) compared with wildtype (n=30). (K) When 
spines were quantified according to the morphological category, Ehmt1+/- neurons displayed a significantly 
reduced number of mature, stubby and mushroom, spines. (L) Representative images of wildtype and Ehmt1+/- 
branches, bar = 5 µm. * p < 0.05.
63
3
Wildtype Ehmt1+/-G1
A
1
2 2
3 3
4 4
5 5
5
basal 
dendrites
apical
dendrite
Apical dendrite Basal dendrites
total
0
5
10
15
20
25
30
35
# 
sp
in
es
 (p
er
 3
0
µ
m
) *
J K L
B
*
apical basal
0
300
600
900
1200
1500
1800
2100
to
ta
l l
en
gt
h 
( µ
m
)
wt
+/-
C
apical basal
0
10
20
30
40
50
60
nu
m
be
r 
of
 b
ra
nc
he
s
*
wt
+/-
D
apical basal
0
2
4
6
8
10
12
14
16
18
20
hi
gh
es
t b
ra
nc
h 
or
de
r
*
wt
+/-
E
apical basal
0
5
10
15
20
25
30
nu
m
be
r 
of
 e
nd
in
gs *
wt
+/-
F
apical basal
0
1000
2000
3000
4000
5000
6000
su
rf
ac
e 
( µ
m
2 ) *
*
wt
+/-
H
G2
Iwt
+/-
wt
+/-
Wildtype Ehmt1+/-
wt
+/-
wt
+/-
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
0
2
4
6
8
10
12
14
16
18
20
nu
m
be
r 
of
 in
te
rs
ec
tio
ns
distance from soma (µm)
20 40 60 80 100 120 140 160
0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
nu
m
be
r 
of
 in
te
rs
ec
tio
ns
distance from soma (µm)
A + B C + D E F + G H
0
2
4
6
8
10
12
14
# 
sp
in
es
 (p
er
 3
0
µ
m
)
*
64
3
0.026; Fig 5F). Subsequently, Sholl analysis was performed by placing concentric 
circles around the cell body and counting the number of intersections (inset Fig 
5H). Apical dendrites of Ehmt1+/- neurons had a significantly decreased number 
of intersections when compared with wildtype neurons (20-360 µm from soma, 
F1,63 = 5.113, p < 0.027; Fig 5H). This effect was most apparent at a distance of 
60-160 µm from the soma, where the number of intersections, or the number of 
branches, was the highest (F1,63 = 10.310, p < 0.002; Fig 5H). For basal dendrites, 
we observed the same trend, with a significant difference for 60-80 µm (F1,63 = 
4.004, p < 0.05; Fig 5I). Collectively, this indicates that Ehmt1+/- neurons show 
reduced dendritic arborization and complexity, which may have implications for 
neuronal functioning. 
The major sites of excitatory synaptic transmission are the dendritic spines, 
and morphological alterations of these spines can be associated with altered 
neuronal functioning. In accordance with this, spine abnormalities are often ob-
served in ID and other brain disorders (Chapleau et al., 2009;Nadif Kasri et al., 
2009;Xinyuanhe and Portera-Cailliau, 2012). Therefore, the spine density was 
measured in wildtype and Ehmt1+/- CA1 neurons from secondary and tertiary 
branches of the apical dendrite. Indeed, Ehmt1+/- neurons displayed a 15% reduc-
tion in the spine density, compared with wildtype (p < 0.016; Fig 5J). In particu-
lar, we observed a strong reduction in the stubby and mushroom type spines in 
Ehmt1+/- neurons compared with wildtype (p < 0.032, Fig 5K). These data indicate 
that next to deficits in learning and memory, and diminished dendritic arbori-
zation, Ehmt1 haploinsufficiency also clearly reduced dendritic spine density of 
hippocampal CA1 neurons. 
Increased paired-pulse facilitation and reduced number of mEPSCs in Ehmt1+/- hip-
pocampal neurons
Because Ehmt1+/- mice are impaired in fear extinction learning and both 
novel and spatial object recognition, and show diminished dendritic branching 
and spine density, we asked whether this was associated with altered synap-
tic transmission and its plasticity. Basal synaptic transmission was recorded by 
Fig 6. Electrophysiological recordings indicate a presynaptic defect of Ehmt1+/- neurons. (A) Basal 
synaptic transmission in wildtype (n=32) and Ehmt1+/- (n=40) neurons was recorded by measuring input–output 
relationships. Schäffer collaterals were stimulated with biphasic voltage pulses of 0.1; 0.5; 1; 1.5; 2; 2.5; 3; 3.5; 
4 and 4.2 V, and subsequent recording of fEPSP slopes showed no genotype differences. (B) LTP was induced 
after 30 min of stable baseline fEPSP responses, by a TBS train of 10 bursts given at 5 Hz with four pulses evoked 
at 100 Hz per burst. Wildtype (n=30) and Ehmt1+/- (n=40) neurons showed similar normalized magnitudes of 
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this potentiation. (C) PPF was measured by stimulating Schäffer collaterals with a pair of pulses at baseline 
stimulation strength and an interpulse interval of 50 ms. The % increase in fEPSP slopes was recorded, and this 
showed a significantly increased facilitation in Ehmt1+/- (n=40) neurons compared with wildtype (n=32). (D) 
mEPSCs were recorded in the presence of tetrodotoxin, picrotoxin, and AP-5 from wildtype (n=17) and Ehmt1+/- 
(n=14) neurons, and were significantly reduced in frequency but not in amplitude in the latter. (A)-(D) insets 
show examples of wildtype and Ehmt1+/- traces. ** p < 0.01, fEPSP = field excitatory post-synaptic potential, 
mEPSC = miniature excitatory postsynaptic current, LTP = long-term potentiation, TBS = theta-burst stimulation, 
PPF = paired-pulse facilitation.
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stimulation of the Schäffer collaterals and subsequent recording of field excit-
atory post-synaptic potentials (fEPSPs) in the CA1 region using multi-electrode 
arrays (Kopanitsa et al., 2006). The input-output relationship was comparable 
between wildtype and Ehmt1+/- neurons (Fig 6A), indicating that there was no 
significant difference in basal synaptic transmission. Next, we assessed the role 
of Ehmt1 in long-term potentiation (LTP), given its importance for learning and 
memory (Martin and Morris, 2002). After LTP induction, we found no differences 
in both the amplitude and slope of CA1 fEPSPs between the two genotypes (Fig 
6B). Because Ehmt1, through gene regulation, can exert its function both pre- 
and post-synaptically, we asked whether Ehmt1+/- mice displayed any presynaptic 
phenotype. To this end we studied paired-pulse facilitation (PPF) of postsynaptic 
responses, a form of short-term plasticity that is inversely related to the presyn-
aptic release probability of neurotransmitters. PPF was assessed by stimulating 
Schäffer collaterals with an interpulse interval of 50 ms. Facilitation of the fEP-
SPs was observed in both genotypes; however, we found a significant increase in 
PPF in Ehmt1+/- neurons compared with wildtype, which could be indicative for a 
reduced presynaptic release probability (F1,53 = 11,87, p < 0.0011; Fig 6C). 
Lastly, to further assess the effects of Ehmt1 haploinsufficiency on basal syn-
aptic function, we measured miniature excitatory post-synaptic currents (mEP-
SCs) of hippocampal CA1 neurons, using whole-cell voltage clamp recordings. 
The mEPSCs were measured in the presence of tetrodotoxin, picrotoxin and AP-5 
in order to specifically measure AMPAR-mediated mEPSCs. Interestingly, we ob-
served a strong decrease in the frequency of mEPSCs in Ehmt1+/- neurons (p < 
0.01), whereas the amplitude was not affected (Fig 6D). Since the frequency of 
mEPSCs is associated with presynaptic release probability and/or changes in 
the amount of synapses, these data corroborate our earlier findings on higher 
PPF in Ehmt1+/- synapses, indicating a potential deficit in presynaptic release 
probability. In short, we found that Ehmt1+/- mice show both morphological and 
functional abnormalities of CA1 hippocampal neurons that are indicative of both 
pre- and postsynaptic defects. 
Discussion
Here we report the functional characterization of the Ehmt1+/- mice, a con-
struct valid model for Kleefstra syndrome (KS)(Nestler and Hyman, 2010;Chad-
man et al., 2009). Using behavioral analyses we observed learning and memory 
impairments in fear conditioning extinction, novel object recognition and spatial 
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object recognition in the Ehmt1+/- mice. Furthermore, we correlated abnormal 
behavior to structural and functional synaptic deficits. Although the Ehmt1+/- 
mice display no obvious abnormalities in the gross anatomy of the hippocampus, 
more in-depth analysis of CA1 hippocampal neurons revealed significant reduc-
tions in spine density, number of mature spines and dendritic arborization in the 
Ehmt1+/- mice, indicating a post-synaptic deficit. Subsequent functional analysis 
of CA3-CA1 synapses showed altered short-term plasticity as measured by PPF, 
and a severely reduced mEPSC frequency, indicating a presynaptic deficit. Taken 
together, these data show that Ehmt1 haploinsufficiency in mice leads to learn-
ing and memory impairments and functional deficits in hippocampal neurons, 
providing a possible mechanism for ID in patients with KS.
ID is one of the core features of KS (Stewart and Kleefstra, 2007), implicating a 
role for Ehmt1 in cognitive function. Indeed, this study shows that Ehmt1+/- mice 
have impairments in several tests assessing hippocampus-associated cognitive 
function. First, we noted a deficit in fear extinction learning, which is depen-
dent on the prefrontal cortex, amygdala and hippocampus (Sotres-Bayon et al., 
2004;Bouton et al., 2006). This deficit points at decreased adaptive control over 
the conditioned fear response (Herry et al., 2010). The persistently high freez-
ing levels of the Ehmt1+/- mice during extinction training suggest reduced cogni-
tive flexibility in these mice. Secondly, we observed that the Ehmt1+/- mice had 
difficulties discriminating a new object from a familiar one in the novel object 
recognition test. Third, they were unable to detect the displacement of an object 
in the spatial object recognition test. Both object recognition tests require hippo-
campus function to a lesser (novel) and a greater (spatial) extent (Albasser et al., 
2010;Barker and Warburton, 2011;Broadbent et al., 2004). On the other hand, 
the Ehmt1+/- mice did not demonstrate learning impairments in the spatial Barnes 
maze test. The apparent discrepancy of unaffected learning in the Barnes maze 
is probably explained by its repetitive training protocol. Cognitive impairments 
were also observed in a Drosophila knockout of EHMT (Kramer et al., 2011) and 
in conditional knockout mice in which Ehmt1 was homozygously knocked out in 
postnatal forebrain neurons (Schaefer et al., 2009). Taken together, these data 
indicate an important role for Ehmt1 in cognitive functioning. Two other recent 
studies specifically investigated the role of the Ehmt1/Ehmt2 complex and the 
Ehmt1 H3K9 dimethylation mark in fear conditioned learning. Pharmacological 
inhibition of Ehmt1/Ehmt2 in the entorhinal cortex, but not the hippocampus, 
enhanced contextual fear conditioning, and induced several other histone meth-
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ylation and acetylation marks (Gupta-Agarwal et al., 2012). The H3K9 dimethyl-
ation mark is triggered in hippocampus during both novel context learning and 
associative contextual learning of fear (Gupta et al., 2010), which correlates with 
the reduced exploration in a novel context of the Ehmt1+/- mice (Balemans et al., 
2010). In addition, histone deacetylase (HDAC) inhibition resulted in significantly 
decreased H3K9 dimethylation in the hippocampus (Gupta et al., 2010), sug-
gesting a dynamic cross talk between histone methylation and acetylation in the 
hippocampus. Another recent study found that HDAC1 inhibition in the hippo-
campus impaired fear extinction (Bahari-Javan et al., 2012). Our finding of im-
paired fear extinction in the Ehmt1+/- mice could thus be explained by an altered 
histone modification equilibrium. The importance of histone modifications in 
learning and memory function, and the apparently delicate balance, is reflected 
in a substantial number of genes involved in epigenetic regulation that cause ID 
when mutated (Nelson and Monteggia, 2011;van Bokhoven and Kramer, 2010). 
Notably, Ehmt2 appears to be part of a repressive complex including HDACs and 
SMCX/JARID1C together with the neuronal transcriptional repressor REST, un-
derscoring the importance of tightly controlled histone modifications for cognitive 
functioning (Tahiliani et al., 2007).
During the fear conditioning test, we noted markedly increased freezing of the 
Ehmt1+/- mice to the footshock during both acquisition and context memory test-
ing. In addition, we found a substantially higher response of the Ehmt1+/- mice to 
an acoustic stimulus. Increased freezing during context memory testing was also 
observed in the valproic acid rat model for autism (Markram et al., 2008), and 
a rat model for posttraumatic stress disorder (PTSD; (Imanaka et al., 2006)). In 
addition, a mouse model for PTSD displayed a significantly increased response to 
acoustic startle (Pynoos et al., 1996), similar to what we observed in the Ehmt1+/- 
mice. The increased anxiety of Ehmt1+/- mice (Balemans et al., 2010), which is 
also a feature of autism (White et al., 2009) and PTSD (DSM-IV criteria), may 
give us a possible explanation for the increased response to footshock. Indeed, 
high anxiety mice show an increased acoustic startle response (Plappert and Pilz, 
2002;Roy et al., 2007) and high freezing during contextual fear conditioning (Pon-
der et al., 2007). In addition PTSD includes hypervigilance, which is an increased 
sensitivity to external stimuli, which could cause the increased responsiveness to 
a loud acoustic stimulus or a painful stimulus like a footshock. Recently it was 
shown that children with autism spectrum disorder and ID, and with ID alone 
that displayed stereotyped behavior, were significantly more sensitive to sensory 
69
3
information processing (Joosten and Bundy, 2010), which is in line with the ob-
served increased sensitivity reaction of the Ehmt1+/- mice. In accordance, fragile 
X mental retardation protein knockout mice, a model for ID and autism, showed 
similar sensory hypersensitivity (Chen and Toth, 2001). Whereas for KS patients 
it is known that they show autistic-like features, but their sensory processing has 
not yet been investigated (Kleefstra et al., 2009).
In-depth morphological analysis of Ehmt1+/- CA1 hippocampal neurons re-
vealed significantly reduced complexity of dendritic branches. Dendritic abnor-
malities are observed in most, if not all, ID disorders (Kaufmann and Moser, 
2000). Usually branches are noted to be shorter or less complex, which is in-
deed seen in the Ehmt1+/- mice. Interestingly, a fly knockout for EHMT revealed 
similarly reduced complexity of sensory neuron branches (Kramer et al., 2011), 
indicating that this effect of Ehmt1 absence is preserved across species. It is of 
note that dendritic morphology was reported to be normal in conditional Ehmt1 
knockout mice studied by Schaefer et al. (Schaefer et al., 2009). This differential 
dendrite phenotype may reflect an important role of Ehmt1 in embryonic develop-
ment and in the early postnatal period before ablation of the Ehmt1 gene in the 
conditional knockout mice. When focusing on the actual places of synaptic trans-
mission, the dendritic spines, we observed a significantly reduced spine density, 
and more specifically a reduced number of mature mushroom type spines. Also 
this reduction in the spine density is observed in multiple ID disorders (Fiala 
et al., 2002;Kaufmann and Moser, 2000). The combination of reduced dendritic 
branching and reduced spine density will probably have large implications for 
neuronal functioning, as reflected by the learning impairments we observed in 
the Ehmt1+/- mice.
Electrophysiological recordings of the CA3-CA1 Schäffer collaterals showed 
normal input-output curves in Ehmt1+/- neurons, suggesting that there were no 
drastic effects of Ehmt1 haploinsufficiency on basal synaptic transmission. Fur-
thermore, no changes in LTP were observed in the hippocampus. However, other 
brain regions like the entorhinal cortex and the amygdala were also involved 
in the applied learning tests, thus studying LTP in these regions would be very 
interesting and might reveal altered synaptic transmission there. Interestingly, 
PPF was significantly enhanced in the hippocampus of Ehmt1+/- mice, which is 
indicative of a reduced presynaptic release probability (Ramirez and Kavalali, 
2011;Zucker and Regehr, 2002). Furthermore, changes in PPF were observed 
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during consecutive extinction sessions of an associative learning task in mice 
(Madronal et al., 2009), implicating a link between the two. Accordingly, a re-
cent study revealed both increased PPF and impaired fear conditioned extinction 
learning in mice overexpressing MeCP2 (Na et al., 2012), which is similar to our 
observations in Ehmt1+/- mice. To further assess the effects of Ehmt1 haploinsuf-
ficiency on basal synaptic function, we measured mEPSCs of CA1 neurons, and 
demonstrated a significantly reduced frequency of ~50%, whereas the amplitude 
was not affected. The reduced presynaptic release probability, as indicated by 
increased PPF, could attribute to the decreased number of mEPSCs measured 
in the postsynaptic cell. Thus, the reduced mEPSC frequency corroborates our 
earlier findings on PPF. Furthermore, the decreased spine density and decreased 
dendritic arborization might also contribute to the reduced number of mEPSCs. 
Combined, these data demonstrate that altered Ehmt1 expression significantly 
affects synaptic structure and function in the mouse brain. Accordingly, EHMT1 
knockout flies showed a significant loss of H3K9 dimethylation at 5’ and 3’ ends 
of genes involved in nervous system development, dendrite morphogenesis and 
signal transduction pathways involved in learning and memory (Kramer et al., 
2011).    
In summary, Ehmt1+/- mice show cognitive impairments that may reflect the 
ID seen in KS patients, and therefore represent a valuable animal model for 
further studying this disorder. Morphological and functional analyses of hippo-
campal synapses revealed both pre- and post-synaptic alterations, indicating an 
important role for Ehmt1 in neuronal functioning. Our findings provide clues 
for a mechanism of the cognitive impairments seen in KS. In addition, these 
results appear to be relevant also for other neurodevelopmental and psychiatric 
conditions, such as autism spectrum disorder and schizophrenia, for which de 
novo EHMT1 mutations were recently identified (Kirov et al., 2012;O’Roak et al., 
2012;Talkowski et al., 2012).
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Abstract
Haploinsufficiency of euchromatin histone methyltransferase 1 (EHMT1), a 
chromatin modifying enzyme, is the cause of Kleefstra syndrome (KS). KS is char-
acterized by intellectual disability (ID), general developmental delay, hypotonia, 
and craniofacial dysmorphisms. Recent studies have been focused on the role of 
EHMT1 in learning and memory, linked to the ID phenotype of KS patients. How-
ever, the occurrence of other KS features in the Ehmt1+/- mouse model for this 
disorder has not been studied. When comparing Ehmt1+/- mice to wildtype litter-
mates we observed delayed postnatal growth, eye opening, ear opening, and up-
per incisor eruption, indicating a delayed postnatal development. Furthermore, 
tests for muscular strength and motor coordination showed features of hypotonia 
in young Ehmt1+/- mice. Lastly, we found that Ehmt1+/- mice showed brachyce-
phalic crania, a shorter nose, and hypertelorism, reminiscent of the craniofacial 
dysmorphisms seen in KS. In addition, gene expression analysis revealed a sig-
nificant upregulation of the mRNA levels of several bone tissue related genes in 
Ehmt1+/- mice. This upregulation was associated with decreased histone H3 lysine 
9 dimethylation (H3K9me2) levels, the epigenetic mark deposited by Ehmt1, in 
the promoter region of these genes. These data show that Ehmt1+/- mice reca-
pitulate KS core features and can be used as valuable mammalian model for this 
disorder. The increased expression of bone developmental genes in the Ehmt1+/- 
mice likely contributed to their cranial dysmorphisms and may be explained by 
diminished Ehmt1-induced H3K9 dimethylation.
Introduction
Kleefstra syndrome (KS) is a recently defined intellectual disability (ID) syn-
drome, caused by haploinsufficiency of the euchromatin histone methyltransfer-
ase 1 (EHMT1) gene (Kleefstra et al., 2006a;Kleefstra et al., 2009;Kleefstra et al., 
2010). Mouse Ehmt1/GLP/KMT1D forms a heteromeric complex with Ehmt2/
G9a/KMT1C to catalyze mono- and dimethylation of lysine 9 of the histone H3 
N-terminal tail in euchromatic areas (H3K9me2) (Tachibana et al., 2005), which 
is an epigenetic mark for transcriptional silencing (He and Lehming, 2003;Rice et 
al., 2003;Hublitz et al., 2009). Furthermore, Ehmt1 is indispensable for mouse 
embryonic development since homozygous knockout of the gene leads to severe 
growth retardation and embryonic lethality at E9.5 (Tachibana et al., 2005). 
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So far, studies investigating Ehmt1 function in vivo have been focused on its 
role in learning and memory, linked to the ID phenotype of KS patients. It was 
found that knockout of EHMT in Drosophila led to deficits in non-associative 
learning and courtship memory (Kramer et al., 2011). Moreover, a conditional 
knockout of Ehmt1 in postnatal forebrain revealed deficits in associative learning 
of mice in the fear conditioning paradigm (Schaefer et al., 2009). We examined 
Ehmt1 heterozygous knockout mice (Ehmt1+/-), and found that these mice display 
deficits in learning and memory, together with reduced branching and spine den-
sity of hippocampal CA1 neurons and synaptic transmission defects (Balemans 
et al., 2012). 
The KS phenotype is characterized by moderate to severe developmental de-
lay. This term is used to characterize the developmental status of children under 
age three, because their cognitive abilities are difficult to assess (Daily et al., 
2000). A second KS core feature is childhood hypotonia causing feeding diffi-
culties, speech delay, and motor delay. Thirdly, KS patients display craniofacial 
abnormalities including micro- or brachycephaly, hypertelorism, synophrys or 
arched eyebrows, mid-face hypoplasia, a short nose with upturned nares, a pro-
truding tongue with everted lower lip, upslanted palpebral fissures, down turned 
corners of the mouth, and prognathism (Stewart and Kleefstra, 2007;Kleefstra et 
al., 2009;Willemsen et al., 2012). None of these features have yet been assessed 
in any of the available models. 
Mouse models for human diseases are valuable for unraveling molecular 
mechanisms and developing potential therapeutic interventions. Ideally, the 
mouse model is based on a known genetic cause for the disease (construct va-
lidity) and recapitulates the human phenotypes (Chadman et al., 2009). In this 
study we employed Ehmt1+/- mice as a model with construct validity, to investi-
gate whether these mice recapitulate developmental features of the KS core phe-
notype. We show that in addition to ID and autistic-like features (Balemans et 
al., 2010;Balemans et al., 2012), Ehmt1+/- mice manifest several developmental 
defects reminiscent of KS. Moreover, we reveal a possible molecular mechanism 
for the morphometric skull anomalies by showing increased expression of bone 
developmental genes in Ehmt1+/- mice, that were associated with reduced H3K9 
dimethylation at the corresponding loci. 
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Animals, Materials and Methods
Animals and genotyping
We used Ehmt1+/- heterozygous knockout mice (Tachibana et al., 2005) and 
Ehmt1+/+ wildtype littermates, kept on a C57BL/6J background. The mice were 
bred, housed and genotyped as described before (Balemans et al., 2010). The 
early postnatal tests were performed before genotyping, thus the entire litter was 
tested. During testing the pups were identified by marking them with a dye, and 
at postnatal day (P) 28 a small ear perforation was taken for genotyping and iden-
tification during adulthood. All experiments were performed in a blinded fashion.
All procedures involving animals were approved by the Animal Care Commit-
tee of the Radboud University Nijmegen Medical Centre, The Netherlands, con-
form the guidelines of the Dutch Council for Animal Care and the European Com-
munities Council Directive of 24 November 1986 (86/609/EEC).
Early postnatal morphological development
Morphological development of the wildtype and Ehmt1+/- mouse pups was as-
sessed in three cohorts by three different observers. The weight (g) of the pups 
was recorded daily from P5 until P25. Furthermore, we looked at the postnatal 
day at which: 1) nipples were visible in the female pups, 2) the pups had a full 
grown fur, 3) the lower incisors erupted, 4) the upper incisors erupted, 5) the ears 
opened and became functional (this was assessed by administering an acoustic 
stimulus and noting the presence/absence of a startle response in the pup), 6) 
the eyes opened (if the two eyes opened at different days, the average was taken). 
Early postnatal muscular strength and motor coordination
We used two behavioral tests for muscular strength and motor coordination 
(van der Meer et al., 1999) in the newly born wildtype and Ehmt1+/- mice. The 
walking test was performed in four cohorts, the bar holding test in three, by dif-
ferent observers. Each pup was scored individually according to four levels. Walk-
ing: level 0) no locomotion; level 1) pivoting - moving around with the help of the 
head and forelimbs, but not using the hind limbs; level 2) crawling - moving on 
all four limbs, dragging the belly over the surface; level 3) walking - mature loco-
motion with the body supported completely by the four limbs. Bar holding: level 
0) pup cannot hang on to the bar; level 1) pup holds on to the bar with forepaws 
only; level 2) pup can put four paws on the bar, but not yet its tail; level 3) pup 
puts all four paws and its tail around the bar. For both tests, we scored the post-
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natal day at which the pup reached level 1, 2 or 3. During the bar holding test, we 
recorded the time (sec) the pup was able to hang onto the bar at each postnatal 
day. During the walking test in the last cohort, we specifically assessed the way 
of walking. Shaking and unstable walking was noted as ‘present’ if it occurred at 
least once between P4 and P11.
Morphometric analysis of the crania
Wildtype (n=13) and Ehmt1+/- (n=12) female mice of 14 months old were sac-
rificed, and the crania were removed and cleaned with 60°C water and soda. We 
measured 10 linear distances with five hundredth of a millimeter accuracy using 
a vernier caliper. Each distance was measured twice by two independent observ-
ers, and these four scores were then averaged. We measured nasal bone length 
(NL), frontal bone length (FL), parietal bone length (PL), interparietal bone length 
(IL), nasal bone width (NW), distance between left and right anterolateral corner 
of the frontal bone (LR), frontal bone width (FW), and interparietal bone width 
(IW), as adopted from (Kawakami and Yamamura, 2008). Total cranial length (TL, 
measured as the distance between the upper incisors and the occipital bone) and 
parietal bone width (PW) were recorded as well. Complete or incomplete fusion of 
the left and right frontal bones was assessed by visual inspection, with the crania 
placed on a light box with light coming from underneath.  
Preparation of sections
Mice were sacrificed by cervical dislocation and tissues were rapidly removed, 
frozen in liquid nitrogen, and stored at -80°C until use. Nose bone pieces of 3 
months old mice were first decalcified by incubation in 10% EDTA for 45 hours. 
P5 whole heads could be sectioned without decalcification. The tissues were em-
bedded in Shandon M-1 embedding matrix (Thermo Scientific) and 10 µm thick 
sagittal sections were made with a cryostat at -20°C, that were captured on Su-
perfrost Plus slides (Thermo Scientific). 
Haematoxylin and eosin staining
Sections were fixed and permeabilized with ice-cold methanol for 10 min at 
-20°C and washed three times with demineralized water. Sections were stained 
with haematoxylin for 20 min, rinsed with running tap water for 7 min, dipped in 
50% ethanol, and stained with eosin-phloxine for 2 min. Sections were then de-
hydrated with increasing ethanol concentrations, cleared in xylene, and mounted 
with Pertex (Histolab Products AB, Göteborg, Sweden).  
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Westen blot analysis and immunocytochemistry
Western blot analysis for Ehmt1 protein was performed on P28 brain tissue 
of wildtype and Ehmt1+/- mice, as described previously (Balemans et al., 2012).
Ehmt1 staining. Sections were fixed and permeabilized with ice-cold methanol 
for 10 min at -20°C and washed four times with TBS-T (50 mM Tris-HCl pH 7.5, 
150 mM NaCl, 0.05% Tween-20). Immunocytochemical staining was performed 
according to the UltraTek HRP Anti-Polyvalent Staining System from ScyTek 
(ScyTek Laboratories, Inc.). Briefly, sections were incubated with Super Block 
for 5 min, followed by a short wash with TBS-T, and overnight incubation with 
mouse-anti-Ehmt1 antibody (1:200, ab41969, Abcam) in blocking buffer (1% bo-
vine serum albumin, 1% glycine in TBS-T) at 4°C. After four 10 min washes with 
TBS-T, the sections were incubated for 10 min with UltraTek Anti-Polyvalent, 
washed four times with TBS-T, and incubated for 10 min with UltraTek HRP. 
Three TBS-T washes were followed by two TB washes (50 mM Tris-HCl pH 7.5) 
and a 10 min incubation with 3,3’-diaminobenzidine (DAB). The DAB reaction 
was stopped by three more washes with TB. Sections were then dehydrated with 
increasing ethanol concentrations, cleared in xylene, and mounted with Pertex 
(Histolab Products AB, Göteborg, Sweden).
Osteopontin staining. Sections were fixed and permeabilized with ice-cold 
methanol for 10 min at -20°C, washed four times 5 min with PBS-T (0.1 M PBS, 
0.1% Tween-20), and incubated with blocking buffer (1% bovine serum albu-
min, 1% glycine in PBS-T) for 30 min. Rabbit anti-osteopontin (1:1000, Sigma) 
in blocking buffer was then applied and incubated overnight at 4°C. After a three 
times 5 min rinse in PBS-T, the sections were incubated with a donkey-anti-
rabbit biotinylated secondary antibody (1:250, Jackson ImmunoResearch Labo-
ratories) in blocking buffer for 1 h, followed by three times 5 min wash in PBS-T. 
The avidin–biotin complex solution (1:125; ABC Vectastain Elite, Sigma) in PBS 
was made 30 min prior to use, sections were incubated for 30 min, and rinsed 
three times 5 min in PBS. Finally, the slides were placed into the 3-amino-9-eth-
ylcarbazole (AEC) substrate solution (0.02% AEC in N,N-dimethylformamide and 
0.01% H2O2 in 35 mM NaAc-HAc, pH 4.9) for 10 min. The reaction was stopped 
by rinsing with distilled water. Glass slides were coverslipped using Kaiser’s gela-
tin–glycerol.
RNA isolation 
For expression analysis in brain tissue, hippocampi of P28 wildtype (n=4) and 
Ehmt1+/- mice (n=4) were quickly dissected, frozen in liquid nitrogen and stored at 
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-80°C. RNA was isolated using the NucleoSpin RNA II (Clontech, 740955) kit ac-
cording to the manufacturer’s protocol. cDNA was synthesized from 1.0 μg total 
RNA using SuperScript II reverse transcriptase (Invitrogen), and stored at -20°C. 
For expression studies in bone tissue the cranium was dissected from P28 
(wildtype n=9, Ehmt1+/- n=9) and P8 (wildtype n=7, Ehmt1+/- n=3) mice. After 
removal of soft tissue, cranial material was snap frozen in liquid nitrogen and 
stored at -80°C. Frozen bone tissue was crushed in a dismembrator capsule, 
containing a ball, chilled with liquid nitrogen, at 1500 rpm for 1 min. RNA was 
extracted using the RNeasy Mini Kit for fibrous tissue (Qiagen, Inc., Valencia, CA, 
USA, nr 74704), treated with DNAse1 (Invitrogen), and reverse transcribed using 
M-MLV RT with oligo(dT) primers (Invitrogen) to produce cDNA, stored at -20°C.   
Quantitative real-time PCR analysis 
Quantitative PCR primers were designed using Primer3 (http://frodo.wi.mit.
edu), and qPCR reactions were performed in the 7500 Fast Real Time PCR Sys-
tem apparatus (Applied Biosystems) by using iQ SYBR Green Supermix (Biorad) 
according to the manufacturer’s protocol. Relative mRNA expression levels for 
Runx2, Col22a1, Col11a1, and Dmp1 were calculated using the 2ΔΔCt method (Li-
vak and Schmittgen, 2001) with standardization to Srp9 (Signal recognition par-
ticle 9) expression levels. The difference in mRNA expression of each gene between 
wildtype and Ehmt1+/- mouse tissue samples is depicted as fold increase with 
wildtype relative mRNA levels set at 1. 
H3K9me2 chromatin immunoprecipitation (ChIP) 
Hippocampi from three mice (P28) per reaction were treated with 1% form-
aldehyde to crosslink chromatin followed by tissue homogenization in PBS. The 
crosslinked chromatin was fragmented by sonicating three times for eight min-
utes at high power for 30 sec on/off with a Bioruptor (Diagenode). Chromatin 
immunoprecipitation (ChIP) was performed as described (Kramer et al., 2011), 
to capture antibody-bound chromatin by using anti-H3K9me2 antibody (07-441, 
Upstate) and Prot A/G beads (Santa Cruz). The enriched ChIPed DNA was quan-
tified by Qubit fluorometer, using the Quant-iT dsDNA HS Assay Kit (Invitrogen, 
Q32851) and analyzed by subsequent quantitative real-time PCR (qPCR) reac-
tions. To perform qPCR, various primers were designed (Primer3) around the pro-
moter of genes from 0.5 kb upstream to 1.0 kb downstream of the transcription 
start site at an interval of about 250 bp. 
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Statistical analyses
All data are presented as means ± SEM. The statistical significance of differ-
ences between groups was assessed using the independent samples t-test, ANO-
VA repeated measures test, or Chi-square test. All statistical procedures were 
performed using the SPSS 17.0 software package. Statistical significance was set 
at p < 0.05.
Results
Ehmt1+/- mouse pups demonstrate delayed postnatal development
KS patients are characterized by developmental delay (Daily et al., 2000;Iwa-
koshi et al., 2004;Stewart and Kleefstra, 2007). We assessed postnatal develop-
ment in wildtype and Ehmt1+/- mouse pups. Body weight was measured daily 
from postnatal day P5 until P25. Both genotypes gained weight over time, but 
the body weight of Ehmt1+/- mice was significantly reduced at every postnatal 
day when compared with wildtypes (Fig 1A, t-tests for every single timepoint: p 
< 0.001; ANOVA repeated measures: F1,102 = 39.621, p < 0.001). When Ehmt1
+/- 
mice reach adulthood, however, the average body weight is similar to that in 
wildtypes (Balemans et al., 2010), indicating that the observed reduction in body 
weight is specific for neonatal development. This is in accordance with the re-
cently reported high Ehmt1 protein levels at postnatal day 4, which declined to 
10% of the original level at postnatal day 28 (Balemans et al., 2012). Compared 
with wildtype, the Ehmt1+/- mice demonstrated a 50% reduction in Ehmt1 protein 
levels in P28 brain tissue (Fig 1B). 
During the first two postnatal weeks, mice develop a fur, lower and upper inci-
sors appear, the ears and eyes open, and females develop nipples. When assess-
ing these parameters in Ehmt1+/- mice, we noted that the earlier developmental 
changes (nipple development, fur formation, and lower incisor eruption) were 
similar between the genotypes (Fig 1C). At later postnatal days, however, Ehmt1+/- 
pups showed a significantly delayed onset of 1 to 2 days of upper incisor eruption 
(p < 0.001), ear opening (p < 0.009), and eye opening (p < 0.001), compared with 
wildtype (Fig 1D). These data indicate delayed postnatal development in Ehmt1+/- 
pups.
Ehmt1+/- mouse pups show hypotonia
Another core feature of KS is childhood hypotonia. To assess this in the 
Ehmt1+/- mice we performed two tests for muscular function. Walking behavior 
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was studied from P4 until P11 according to three different levels of maturity. At 
P4 all pups had already reached walking level 1. Interestingly, Ehmt1+/- pups 
reached both walking level 2 and 3 almost one full day later than wildtype pups 
(p < 0.008 and p < 0.006 respectively, Fig 2A). In a part of the cohort, we closely 
assessed the way of walking, which revealed a significantly higher percentage of 
Ehmt1+/- mice displaying a shaking and unstable way of walking (χ21 = 7.738, p < 
0.005, Fig 2B). 
Bar holding ability was tested from P11 until P19. Compared with wildtype, 
Ehmt1+/- pups reached each level of bar holding almost half a day later, although 
this only reached significance for level 1 (p < 0.007, Fig 2C). The amount of time 
the pups were able to hang on to the bar was also measured. Bar holding time 
increased over days for both genotypes, however Ehmt1+/- pups showed signifi-
cantly decreased bar holding times compared with their wildtype littermates (F1,68 
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Fig 1. Postnatal developmental delay in Ehmt1+/- mice. Wildtype (n=52) and Ehmt1+/- (n=52) pups were 
weighed daily from postnatal day 5-25, with Ehmt1+/- pups showing a significantly lower weight at each postna-
tal day (A). Compared with wildtypes, the Ehmt1+/- mice showed a 50% reduction of Ehmt1 protein levels in P28 
brain tissue, with γ-tubulin used as a loading control (B). Nipple development was comparable between wild-
type (n=17) and Ehmt1+/- (n=23) female pups. Also the day the pups had a full grown fur, and the lower incisors 
erupted were equal for both genotypes (wildtype n=42 and Ehmt1+/- n=44; C). At later developmental stages, 
we observed significantly delayed upper incisor eruption, ear opening, and eye opening in Ehmt1+/- (n=44) pups 
compared with wildtype (n=42; D). * = significantly different from wildtype.
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= 11.980, p < 0.001, Fig 2D). Together, these data show early postnatal hypotonia 
and motor function delay in Ehmt1+/- mouse pups.
Ehmt1+/- mice have cranial abnormalities
     Cranial and facial characteristics are important determinants for the clinical 
diagnosis of KS. To determine whether the Ehmt1+/- mice had similar morpho-
logical anomalies, the lengths and the widths of the different cranial parts were 
measured (Fig 3). Almost all length measurements were significantly shorter in 
Ehmt1+/- mice when compared with wildtypes (TL: p < 0.001, NL: p < 0.03, FL: 
p < 0.009, PL: p < 0.0001). The width of the occipital bone was smaller (IW: p 
< 0.006), whereas the middle parts of the cranium were significantly wider in 
Ehmt1+/- mice (LR: p < 0.0001, FW: p < 0.02; Fig 3). When taking into account 
the shorter and wider crania (defined as brachycephaly), the shorter nasal bone 
length, and the wider LR distance (which causes the eyes to be further apart, de-
fined as hypertelorism), these data imply that Ehmt1+/- mice indeed show cranial 
abnormalities that correspond to those seen in KS patients. 
Upon examination of the morphology of the crania (Fig 4), it was noted that 
Fig 2. Hypotonia in newborn Ehmt1+/- mice. Ehmt1+/- (n=52) pups reached both level 2 and level 3 of walk-
ing significantly later compared with wildtype (n=52; A). Shaking/unstable walking was noted when it occurred 
at least once between postnatal day 4 and 11, this was significantly more often observed in Ehmt1+/- (n=8) com-
pared with wildtype pups (n=15; B). Wildtype (n=39) and Ehmt1+/- (n=37) pups were observed daily for the day 
at which they reached level 1, 2 and 3 of bar holding (C). Ehmt1+/- (n=37) pups hung on to the bar significantly 
shorter compared with wildtype littermates (n=39; D). * = significantly different from wildtype. 
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one of the Ehmt1+/- crania showed a large hole along the midline that suggested 
an incomplete fusion of the left and right frontal bones (indicated by the arrow 
in Fig 4D). More detailed investigation revealed a small hole between the frontal 
bones (posterior region) in 2 of the 13 wildtype and 9 of the 12 Ehmt1+/- mice. Indi-
cating that significantly more Ehmt1+/- mice showed incomplete posterior frontal 
suture fusion compared with wildtype animals (χ21 = 9.000, p < 0.003; Fig 4). 
The second, striking, observation was the presence of a bent nose in 4 of the 
Fig 3. Morphometric analysis of wildtype and Ehmt1+/- crania. For each of the wildtype (n=13) and 
Ehmt1+/- (n=12) crania, 10 linear cranial distances are plotted here measured with five hundredth of a mil-
limeter accuracy. TL total length, PW parietal bone width, NL nasal bone length, FL frontal bone length, PL 
parietal bone length, IL interparietal bone length, NW nasal bone width, LR distance between left and right 
anterolateral corner of frontal bone, FW frontal bone width, IW interparietal bone width. * = significantly dif-
ferent from wildtype.
D
is
ta
nc
e 
(m
m
)
0
1
2
3
4
5
6
7
8
9
10
11
22
23
TL PW NL FL PL IL NW LR FW IW
*
* *
*
*
*
*
NW
LR
NL
FLPL
IL
FW
IW
PW
TL
wt
+/-
84
4
85
4
12 Ehmt1+/- crania (3 times to the left, 1 time to the right), whereas none of the 
13 wildtype crania showed this (χ21 = 5.159, p < 0.023, Fig 4). This bent-nose 
phenotype was assessed in a larger group of mice of different ages, to confirm this 
observation. Table 1 summarizes that none of the wildtype mice possessed a bent 
nose. In line with our earlier observation, 35% of the Ehmt1+/- mice showed the 
bent-nose phenotype (χ21 = 21.090, p < 0.001).
Ehmt1 protein is present in cranial bone osteocytes
A bent-nose phenotype has also been observed in other mouse models, in-
cluding the Apert syndrome Fgfr2 mutant mouse and Saethre-Chotzen syndrome 
twist-null mouse (Bourgeois et al., 1998;Yin et al., 2008). Therefore, we hypoth-
esized that the distorted crania in Ehmt1+/- mice could be caused by aberrant 
expression of bone tissue related genes.
For this, we first investigated whether the Ehmt1 protein was present in bone 
cells. The osteopontin bone tissue marker revealed the location of osteocytes in 
P5 wildtype and Ehmt1+/- cranial bone tissue (Fig 5A,B). Haematoxylin and eosin 
(HE) staining of P5 mouse head showed developing bone with surrounding con-
nective tissue, striated muscle cells and hair follicles (Fig 5C,F). Using anti-Ehmt1 
immunostaining it was demonstrated that Ehmt1 protein was indeed present in 
osteocytes of P5 wildtype and Ehmt1+/- cranial tissue (Fig 5D,E). Furthermore, 
Fig 4. Morphology of wildtype and Ehmt1+/- crania. Photographs of three representative wildtype (A, C) 
and Ehmt1+/- (B, D) crania, taken with light from above (A, B) or from underneath to visualize suture openings 
and holes (C, D). One third of the Ehmt1+/- mice showed a bent nose phenotype, which could be to the left (*) 
or to the right (**). Bar in B (for A, B) is 1 cm. The arrows in D indicate incomplete fusion of the left and right 
frontal bones, which was observed in the majority of the Ehmt1+/- crania.
Mice of different ages ranging from 1 – 23 months old were analyzed for the presence or absence of a bent 
nose. An obvious deviation of  ≥ 15° from the midline observed for nose bones was defined as a “bent nose”. 
This table includes the 25 mice on which the morphological measurements were performed. * p < 0.001. 
   Straight nose  Bent nose
Male wildtype            14                   0
Female wildtype         35        0
Total wildtype          49        0
Male Ehmt1+/-             12        9
Female Ehmt1+/-            21        9
Total Ehmt1+/-             33       18*
Table 1. Number of wildtype and Ehmt1+/- mice with or without a bent nose.
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Fig 5. Ehmt1 protein expression in osteocytes. Immunostaining for osteopontin (A, B, G, H) revealed the 
presence of osteocytes in postnatal day 5 (P5) cranial bone tissue of wildtype (A) and Ehmt1+/- (B) mice, and nose 
bone of 3 months old wildtype (G) and Ehmt1+/- (H) mice. Haematoxylin and eosin (HE) histochemical staining 
visualized skull structures at P5 as shown with low (C) and high (F) magnification, and morphology  of 3 months 
old nose bone (I) in wildtype and Ehmt1+/- mice. Immunostaining for Ehmt1 (D, E, J, K) indicated the presence of 
Ehmt1 protein in osteocytes in cranial bone tissue of wildtype (D) and Ehmt1+/- (E) P5 mice, and in nose bone of 
3 months old wildtype (J) and Ehmt1+/- (K) mice. Note the absence of immunoreactivity (L), when the primary
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nose bone pieces from 3 months old wildtype and Ehmt1+/- mice contained os-
teocytes, as shown by osteopontin and HE staining (Fig 5G-I). Osteocytes in 3 
months old nose bone tissue clearly contained Ehmt1 protein, both in wildtype 
and Ehmt1+/- mice (Fig 5J,K). Of note, no immunoreactivity was observed when 
the primary antibody for Ehmt1 was omitted (Fig 5L). Notably, Ehmt1 protein 
expression was observed in P5 striated muscle cells (Fig 5M), odontoblasts of 
the developing tooth (Fig 5N), and retinal cell layers (Fig 5O), the development of 
which were all delayed in Ehmt1+/- mice (Fig 1 and 2). 
Ehmt1+/- mice demonstrate increased expression of bone tissue related genes 
Next, it was investigated whether the reported reduced Ehmt1 protein levels 
in Ehmt1+/- mice (Fig 1B, (Balemans et al., 2012)) could affect the expression of 
bone tissue related genes, due to decreased histone H3 lysine 9 dimethylation 
(H3K9me2) levels (Tachibana et al., 2005). A RNA-sequencing dataset obtained 
from P28 hippocampal brain tissue (unpublished data from H. Zhou, will be pub-
lished separately) was used to examine alterations in bone gene expression in 
Ehmt1+/- compared with wildtype mice. From the upregulated genes (> 1.4x) in 
this dataset, four genes were related to bone tissue development. We confirmed, 
in independent RT-qPCR experiments, the increased mRNA levels of the four bone 
genes in Ehmt1+/- mouse brain tissue when compared with wildtype (Fig 6A-D). 
Runx2 mRNA levels were 1.4 times increased (p < 0.027), Col22a1 levels were 2.9 
fold higher (p < 0.010), Col11a1 showed a 1.5 fold increase in mRNA levels (p < 
0.075), and Dmp1 levels were 1.7 times higher (p < 0.001) in Ehmt1+/- tissue (Fig 
6A-D). Of note, no alterations were observed in mRNA levels of Fgfr2 and Twist1, 
the two genes for which mutant alleles give rise to a bent-nose phenotype in mice 
(Bourgeois et al., 1998;Yin et al., 2008) (data not shown). 
Subsequently, the mRNA levels of these four bone genes were assessed in 
cranial bone tissue of P8 and P28 wildtype and Ehmt1+/- mice (Fig 6E-H). Quan-
titative PCR analysis demonstrated similar significant increases in mRNA levels 
of Runx2 (p < 0.050), Col22a1 (p < 0.015), Col11a1 (p < 0.010), and Dmp1 (p < 
0.019) in P28 Ehmt1+/- cranial bone tissue compared with wildtype (Fig 6E-H). 
These data indicate that a number of genes involved in bone morphogenesis are 
antibody for Ehmt1 was omitted. The Ehmt1 protein was also present in skeletal muscle (M), incisor tooth (N, 
and inset overview) and in eye retinal cells (O, and inset overview) of P5 wildtype and Ehmt1+/- mice. The arrows 
indicate the location of osteocytes. Bar in A, B, F, G, H, I = 20 µm; bar in C = 80 µm; bar in D, E, J, K, L = 32 µm; 
bar in M, N, O = 50 µm.
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significantly increased in cranial tissue of Ehmt1+/- mice. No significant differ-
ences in mRNA levels were observed at the earlier P8 time point (data not shown).
Increased mRNA levels are associated with diminished H3K9 dimethylation in 
Ehmt1+/- mice
We also examined whether the enhanced mRNA levels were correlated with al-
terations in H3K9me2 levels, as decreased H3K9me2 was shown in Ehmt1+/- em-
bryonic stem cells (Tachibana et al., 2005). The genomic occupancy of H3K9me2 
was examined at the -0.5 to +1.0 kb region around the transcriptional start site 
of the Runx2, Col22a1, Col11a1 and Dmp1 genes. A strong reduction in H3K-
9me2 levels was apparent at the Runx2 and Col22a1 transcriptional start sites in 
Ehmt1+/- mice compared with wildtype (Fig 7A,B). This reduction of H3K9me2 was 
Fig 6. Increased expression of bone tissue related genes in Ehmt1+/- mice. Quantitative PCR analysis 
of P28 hippocampal brain tissue from Ehmt1+/- mice (+/-, n=4) demonstrated increased mRNA expression for 
Runx2 (A), Col22a1 (B), Col11a1 (C), and Dmp1 (D) compared with wildtype mice (wt, n=4). The qPCR analysis 
of P28 cranial bone tissue from Ehmt1+/- mice (n=9) showed significantly increased mRNA expression of the 
bone tissue related genes Runx2 (E), Col22a1 (F), Col11a1 (G), and Dmp1 (H) compared with wildtype mice 
(n=9). (For Dmp1, values are the average of n=4 wildtype and n=6 Ehmt1+/- mice.) * indicates significantly dif-
ferent from wildtype.
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less pronounced for Col11a1 (Fig 7C). For Dmp1, no changes in H3K9me2 levels 
were seen (data not shown). The β-actin promoter region was used as a reference 
gene, with low % H3K9me2 recovery levels (Fig 7A-C). Together these results 
suggest that the enhanced mRNA levels of the bone tissue related genes Runx2, 
Col22a1 and Col11a1 are a result of the decreased H3K9me2 levels in Ehmt1+/- 
mice. The increased expression of bone tissue genes in P28 Ehmt1+/- crania likely 
contributed to the craniofacial phenotype of bent nose and brachycephaly in the 
Ehmt1+/- mouse model for Kleefstra syndrome.
Discussion
In this study we show that Ehmt1+/- mice recapitulate the developmental de-
lay, hypotonia, and cranial abnormalities, which are three of the core features of 
Kleefstra syndrome (KS). The reduction of Ehmt1 protein in Ehmt1+/- mice led to 
diminished H3K9 dimethylation at promoter regions of bone tissue related genes. 
Since expression of Runx2, Col22a1, Col11a1, and Dmp1 mRNA was enhanced, 
the cranial abnormalities observed in Ehmt1+/- mice are likely caused by dis-
turbed regulation of bone tissue morphogenesis.
In KS patients developmental delay has been described as speech delay or 
absence, delayed motor development, late eruption of milk teeth, delayed eye con-
tact and smiles, and delayed growth rate (Unique, 2009;Stewart and Kleefstra, 
2007). In agreement with this, we noted a significant delay of ear and eye open-
ing, upper incisor eruption, and postnatal growth in Ehmt1+/- mice. The latter 
observation of reduced body weight and growth is in line with the fatal growth re-
tardation of full knockout Ehmt1-/- embryo’s (Tachibana et al., 2005). In addition, 
we recently reported that Ehmt1 protein levels in the brain were high at postnatal 
day 4, and declined to 10% of the original level at postnatal day 28, indicating an 
important role for Ehmt1 in early postnatal development (Balemans et al., 2012). 
Both delayed motor development and childhood hypotonia are characteristics of 
KS patients (Stewart and Kleefstra, 2007;Unique, 2009;Kleefstra et al., 2009). Ac-
cordingly, in Ehmt1+/- mouse pups we observed delays in reaching mature levels 
in two motor function tests, reduced bar holding times, and shaking/unstable 
walking behavior. Of note, these motor function deficits were absent in adult 
Ehmt1+/- mice (Balemans et al., 2010).
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In-depth analysis of cranial morphology revealed brachycephaly, a shorter na-
sal bone, and hypertelorism in Ehmt1+/- mice, thereby recapitulating the cranial 
abnormalities observed in KS patients (Stewart and Kleefstra, 2007). Similarly, 
mouse models for Down syndrome and Apert syndrome mimicked the patient’s 
Fig 7. Decreased H3K9 dimethylation of bone gene promoter sites in Ehmt1+/- mice. The extent of 
histone H3 Lysine 9 dimethylation (H3K9me2) in Ehmt1+/- mouse brain tissue, examined at the -0.5 to +1.0 kb 
region around the transcriptional start site of the Runx2, Col22a1 and Col11a1 genes, demonstrated a strong 
reduction in % H3K9me2 recovery levels for Runx2 (A) and Col22a1 (B), and less pronounced for Col11a1 (C), 
when compared with wildtypes. The β-actin promoter region was used as a reference, with low % H3K9me2 
recovery levels (A-C).
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craniofacial characteristics (Richtsmeier et al., 2000;Yin et al., 2008). The obser-
vation that 35% of the Ehmt1+/- crania showed a bent nose, as opposed to 0% for 
wildtypes, is in line with the craniofacial asymmetry noted in at least one patient 
with KS (Kleefstra et al., 2009). TWIST1, FGFR2, and FREM1 mutant mouse mod-
els for craniosynostosis display a similar bent-nose phenotype, and brachyceph-
aly due to abnormal suture fusion (Bourgeois et al., 1998;Yin et al., 2008;Vissers 
et al., 2011). Notably, in Fgfr3P244R mice the direction of nose deviation correlated 
with ipsilateral fusion of the premaxillary suture (Twigg et al., 2009). Another 
study in rats revealed that unilateral artificial synostosis of the premaxillary su-
ture caused the nose to bend toward the treated side (Xenakis et al., 1995). These 
findings indicate that increased fusion of the premaxillary suture may underlie 
the bent nose phenotype observed in the Ehmt1+/- mice. 
The posterior frontal suture, analogous to the metopic suture in humans, 
physiologically closes around P45 in mice (Bradley et al., 1996). However, various 
studies reported that this suture can remain patent later in life in both humans 
and mice (Cohen, Jr., 1993;Recinos et al., 2004;Stadler, III et al., 2006). This was 
demonstrated by the 2 out of 13 wildtype mice that displayed a patent posterior 
frontal suture. Interestingly, patency was observed in a significantly higher per-
centage of Ehmt1+/- mice (9 out of 12). Increased bone growth in the premaxillary 
suture seems to underlie the bent-nose phenotype of the Ehmt1+/- mice, whereas 
the observed increased suture patency is associated with decreased bone growth. 
This paradox was also observed in the Apert syndrome Fgfr2+/S252W mice which 
show patency of the posterior frontal suture, with synostosis of the coronal and 
sagittal sutures (Wang et al., 2005). 
Bone formation is a tightly regulated process with multiple factors controlling 
proliferation of osteogenic stem cells and their differentiation during bone mor-
phogenesis (Miraoui et al., 2010;Komori, 2010). In this context, it is of major in-
terest that the Ehmt1+/- mice showed significantly increased expression of Runx2 
mRNA. This multifunctional transcription factor Runx2 controls bone develop-
ment by regulating the differentiation of osteoblasts and the expression of bone 
matrix protein genes during embryonic development and in the postnatal period 
(Komori, 2010;Ducy et al., 1999;Maeno et al., 2011). In addition, Runx2 needs to 
be downregulated in the final phase of bone maturation, indicating the delicate 
balance for Runx2 expression regulation (Komori, 2010;Maruyama et al., 2007). 
The observed increase in Runx2 mRNA expression in the Ehmt1+/- mice will affect 
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this balance, which might explain the observed aberrant bone formation (Maeno 
et al., 2011). The mechanism behind the increased mRNA expression is likely 
related to H3K9 methylation, a hallmark of transcriptional repression (Hublitz et 
al., 2009). The Ehmt1/Ehmt2 (GLP/G9a) complex mediates H3K9me2 to silence 
transcription (Tachibana et al., 2008). The Ehmt1+/- mice have a 40-50% reduc-
tion in Ehmt1 protein levels ((Balemans et al., 2012), this study), which corre-
lated with the diminished H3K9me2 levels at several bone gene promoter sites in 
brain tissue, thereby explaining increased mRNA expression. 
In addition to Runx2, the mRNA levels of Col22a1, Col11a1 and Dmp1 were 
also significantly increased in cranial bone tissue of the Ehmt1+/- mice. The minor 
fibrillar collagen Col11a1 is essential for skeletal bone morphogenesis (Li et al., 
1995), whereas Col22a1 is present specifically at tissue junctions, is associated 
with the extrafibrillar matrix in cartilage, and can act as cell adhesion ligand for 
fibroblasts (Koch et al., 2004). Dmp1, dentin matrix acidic phosphoprotein 1, 
might indirectly promote osteoblast differentiation (Eapen et al., 2010), but is 
certainly critical for proper bone matrix mineralization during bone maturation 
(Rios et al., 2005;Toyosawa et al., 2001). Thus Col11a1, Col22a1, and Dmp1 all 
play a role in the formation of bone tissue. The enhanced Dmp1 mRNA expres-
sion might be regulated through lower Ehmt1 activity, although H3K9me2 levels 
were not altered. A more likely explanation is an indirect regulation of Dmp1 by 
enhanced Runx2 levels, since this transcription factor regulates the expression 
of many bone tissue associated proteins like osteopontin, Col1a1, Col10a1, and 
Dmp1 (Komori, 2010). 
In summary, the Ehmt1+/- mice recapitulate the core features of Kleefstra 
syndrome with ID and autistic-like features (Balemans et al., 2010;Balemans et 
al., 2012), and developmental delay, hypotonia and cranial dysmorphisms (this 
study). In addition, the increased expression of bone tissue related genes in the 
Ehmt1+/- mice likely contributes to their cranial dysmorphisms and can be ex-
plained by less gene silencing due to diminished Ehmt1-induced H3K9 dimeth-
ylation.
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Abstract
Euchromatin histone methyltransferase 1 (Ehmt1) is an enzyme that dimeth-
ylates lysine 9 on the histone tail of histone H3, and regulates transcriptional 
repression in euchromatic areas. Ehmt1+/- mice display both developmental and 
behavioral deficits, indicating that Ehmt1 plays an important role in brain devel-
opment and neuronal functioning. Compared with wildtype, adult Ehmt1+/- mice 
appear to have normal brain morphology and layering as evaluated with hema-
toxylin and eosin staining. Subsequently we investigated the spatial and tempo-
ral expression of Ehmt1 in the mouse brain. Immunocytochemistry experiments 
revealed that Ehmt1 is present in all parts of the brain in adult and aged mice. In-
terestingly, we observed significantly higher expression of Ehmt1 in the subgran-
ular zone compared with the granular layer cells of the dentate gyrus. This was 
observed in 1, 3 and 10 months old mice, suggesting that Ehmt1 might be higher 
expressed in neuronal stem cells, such as the dentate gyrus subgranular zone 
cells. Accordingly, western blot analysis revealed a significantly higher Ehmt1 
expression in the olfactory bulb, a tissue with many newborn cells throughout 
adulthood. A functional test, the olfactory habituation/dishabituation test, how-
ever, did not reveal any olfaction deficits in the Ehmt1+/- mice. Together, our data 
show that Ehmt1 is expressed throughout the brain without any obvious effects 
on overall brain morphology. Furthermore, Ehmt1 is highly expressed in the den-
tate gyrus subventricular zone and olfactory bulb, indicating that this protein 
may play a role in neuronal stem cells and/or newborn neurons. 
Introduction
Euchromatin histone methyltransferase 1 (Ehmt1) is an enzyme that mono- 
and dimethylates lysine 9 on the histone tail of histone H3 (Tachibana et al., 
2005). This modification induces a more compacted state of the chromatin and 
thus regulates transcriptional repression of target genes in euchromatic areas 
(Barski et al., 2007). Mutations in or deletions of one copy of the EHMT1 gene 
cause Kleefstra syndrome (KS), with intellectual disability, general developmen-
tal delay, craniofacial abnormalities, and childhood hypotonia as core features 
(Kleefstra et al., 2006a;Stewart and Kleefstra, 2007). In mice, a full knockout of 
the Ehmt1 gene leads to embryonic lethality around E9.5 and a drastic reduc-
tion of H3K9 mono- and dimethylation in embryonic stem cells (Tachibana et al., 
2005). Ehmt1 heterozygous knockout (Ehmt1+/-) mice are viable and fertile, but 
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display various developmental and behavioral abnormalities including reduced 
exploration, increased anxiety, and deficits in social behavior and learning/
memory (Balemans et al., 2010;Balemans et al., 2012). Conditional homozygous 
knockout of Ehmt1 in postnatal mouse forebrain neurons also causes complex 
behavioral abnormalities, including defects in fear associated learning, motiva-
tion, and exploration (Schaefer et al., 2009). Ehmt1 thus plays an important role 
in brain development and functioning. 
Ehmt1 mRNA is expressed in both embryonic and adult mouse tissues (Kleef-
stra et al., 2005;Tachibana et al., 2005). One study showed that Ehmt1 protein 
is found in the cortex, striatum, and hippocampus of 6 weeks old mice (Schaefer 
et al., 2009), however a detailed spatiotemporal analysis of Ehmt1 protein in the 
brain is lacking. Information about Ehmt1 expression patterns may aid in our 
understanding of the role this protein plays in nervous system development and 
functioning. For this, we performed spatiotemporal immunocytological analysis 
to determine Ehmt1 protein patterns in the adult mouse brain. In addition, sev-
eral KS patients show structural brain abnormalities, partial atrophy, and/or 
subcortical white matter abnormalities (Cormier-Daire et al., 2003;Dawson et al., 
2002;Kleefstra et al., 2009;Verhoeven et al., 2011). Therefore, we assessed the 
morphology and layering of different brain areas in wildtype and Ehmt1+/- mice.
Animals, Materials and Methods
Animals
We used Ehmt1+/- heterozygous knockout mice (Tachibana et al., 2005) and 
Ehmt1+/+ wildtype littermates, kept on a C57BL/6J background. The mice were 
bred, housed, and genotyped as described before (Balemans et al., 2010). All ex-
periments were performed in a blinded fashion.
All procedures involving animals were approved by the Animal Care Commit-
tee of the Radboud University Nijmegen Medical Centre, The Netherlands, con-
form the guidelines of the Dutch Council for Animal Care and the European Com-
munities Council Directive of 24 November 1986 (86/609/EEC).
Preparation of brain tissue 
Mice were sacrificed by cervical dislocation and the brains were rapidly re-
moved, frozen in liquid nitrogen, and stored at -80°C until use. For histochemi-
cal staining, brains were embedded in Shandon M-1 embedding matrix (Thermo 
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Scientific) and 10 µm thick sagittal sections were made with a cryostat at -20°C, 
that were captured on Superfrost Plus slides (Thermo Scientific). 
Haematoxylin and eosin staining
Sections of 1, 3, 10, and 20 months old wildtype and Ehmt1+/- brains (n=5 for 
each group) were fixed and permeabilized with ice cold methanol for 10 min at 
-20°C and washed three times with demineralized water. Sections were stained 
with haematoxylin for 20 min, rinsed with running tap water for 7 min, dipped in 
50% ethanol, and stained with eosin-phloxine for 2 min. Sections were then de-
hydrated with increasing ethanol concentrations, cleared in xylene, and mounted 
with Pertex (Histolab Products AB, Göteborg, Sweden).  
DAPI staining
Sections of 3, 6, 10, and 20 months old wildtype and Ehmt1+/- brains (n=5 
for each group)  were fixed and permeabilized with ice cold methanol for 10 min 
at -20°C and washed three times with PBS. Subsequent incubation with DAPI 
(0.1 µg/ml in PBS) for 10 min, was followed by three PBS washes. Sections were 
rinsed first in milli-Q, then in methanol, and air dried. Slides were embedded in 
Mowiol and stored at 4°C.
Ehmt1 immunocytochemistry
We used brain sections of 1, 3, 10, and 20 months old wildtype and Ehmt1+/- 
mice (n=5 per group) for Ehmt1 protein analysis. Sections were fixed and per-
meabilized with ice cold methanol for 10 min at -20°C and washed four times 
with TBS-T (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween-20). Immu-
nocytochemistry was performed according to the UltraTek HRP Anti-Polyvalent 
Staining System from ScyTek (ScyTek Laboratories, Inc.). Briefly, sections were 
incubated with Super Block for 5 min, followed by a short wash with TBS-T, and 
overnight incubation with mouse-anti-Ehmt1 antibody (1:200, ab41969, Abcam) 
in blocking buffer (1% bovine serum albumin, 1% glycine in TBS-T) at 4°C. After 
four times 10 min washes with TBS-T, the sections were incubated for 10 min 
with UltraTek Anti-Polyvalent, washed four times with TBS-T, and incubated for 
10 min with UltraTek HRP. Three TBS-T washes were followed by two TB washes 
(50 mM Tris-HCl pH 7.5) and a 10 min incubation with 3,3’-diaminobenzidine 
(DAB). The DAB reaction was stopped by three more washes with TB. Sections 
were then dehydrated with increasing ethanol concentrations, cleared in xylene, 
and mounted with Pertex (Histolab Products AB, Göteborg, Sweden).
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Quantification of Ehmt1 protein levels
To determine the amount of Ehmt1 protein in individual cells, we measured 
the mean grey value using Fiji software (Schindelin et al., 2012), a commonly 
used method for quantitative immunocytochemistry (Crawford et al., 2009;Mize, 
1994;Simon-Areces et al., 2010). Dentate gyrus pictures were taken from the 
Ehmt1 immunostained brain sections of 1, 3, 10, and 20 months old wildtype 
mice (n=5 per group) with a 25x objective magnification and images were loaded 
into Fiji software. We measured the mean grey value of 30 dentate gyrus granular 
layer cells and 30 dentate gyrus subgranular zone cells. Furthermore, we ob-
tained a background value by 5 measurements from the surrounding neuropil. 
Values ranged between 0 (black) and 256 (white). For intuitive presentation of 
the data, we subtracted each measured value from 256 so a higher value in our 
analysis corresponded to a darker stained cell.
Western blot
Olfactory bulb, hippocampus, and cortex of 3 and 10 months old mice (n=5 
per age per genotype) were lysed and Ehmt1 immunoblotting was performed as 
described in (Balemans et al., 2012). After primary and secondary antibody incu-
bations, membranes were scanned with the LI-COR Odyssey Imager (Westburg 
BV, The Netherlands). Intensities of Ehmt1 protein bands were normalized to the 
corresponding γ-tubulin intensity.  
  
Olfactory habituation/dishabituation test
The olfactory habituation/dishabituation test (OHT) (Yang and Crawley, 2009) 
was performed with 3-6 months old female wildtype (n=12) and Ehmt1+/- (n=10) 
littermates. Stock solutions of almond and banana scent were prepared by dis-
solving 1 g of almond or banana powder in 100 mL distilled water and filtering 
non dissolved particles. A pilot experiment (data not shown) demonstrated that 
a 160x dilution was just enough to evoke a reaction of mice towards the scent. 
Fifteen cotton swabs were prepared per mouse on the day of the experiment. 
Three identical swabs were made by either dipping them 5 sec in distilled water, 
in almond solution, or in banana solution, or they were swept 5 sec over the floor 
of two separate cages with 4 stranger female mice (social odors 1 and 2). The dif-
ferent swabs were stored separately in airtight bags, immediately after applying 
the odor, and kept out of the experimental room. Thirty minutes prior to the OHT, 
a mouse was housed individually in a Macrolon type III cage with a thin layer of 
bedding material and a flat top. A dry cotton swab was inserted through a rubber 
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cap in the cage and hung 4 cm above the cage bottom to habituate the mouse 
to the cotton swab. Five min before the OHT, the mouse was transferred to the 
experimental room. When the test started, the dry cotton swab was removed and 
one minute later a cotton swab dipped in water was inserted in a similar way. 
Sniffing (sec) was scored when the animal was orienting towards the cotton swab 
with its nose 2 cm or closer to the tip. After two min, this swab was removed and 
one min later, the second in water dipped swab was presented to the mouse. 
Again, after 2 min it was removed and one minute later the final water dipped 
swab was given for 2 min. This procedure was continued in the same manner 
with the almond scent, banana scent, social odor 1, and social odor 2. 
Statistical analyses
All data are presented as means ± SEM. The statistical significance of dif-
ferences between groups was assessed using the independent samples t-test or 
one-way ANOVA. All statistical procedures were performed using the SPSS 17.0 
software package. Statistical significance was set at p < 0.05.
Results
Sporadic findings of enlarged lateral ventricles in Ehmt1+/- mice
While studying the Ehmt1+/- mice, brains were regularly collected for various 
histological purposes. In a group of 18 months old wildtype and Ehmt1+/- mice, 
a remarkable observation was done. One of the Ehmt1+/- brains had a large hole 
between the two lateral ventricles (Fig 1A), whereas none of the other Ehmt1+/- 
and wildtype brains showed this (Fig 1B). In another group of 3 months old mice, 
a clear enlargement of the lateral ventricles was observed in one Ehmt1+/- mouse 
(Fig 1C-D), which was not observed in any of the other wildtype and Ehmt1+/- 
mice. This second phenotype has incidentally been observed in other groups of 
~2 months old Ehmt1+/- mice (personal observations by M. Benevento). It thus 
seems that a small proportion of Ehmt1+/- mice display enlarged lateral ventricles. 
Overall brain morphology and layering appear to be normal in adult wildtype and 
Ehmt1+/- mice
As a follow-up on these findings, and to determine the effects of Ehmt1 haplo-
insufficiency on brain development in the mouse, we performed a gross morpho-
logical examination of wildtype and Ehmt1+/- brains at various ages. In none of 
these mice, we observed ventricular enlargements. 
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At 1 month of age, the cortex of the Ehmt1+/- mice showed a proper organiza-
tion of the different layers, that was comparable to wildtype (Fig 2A). Also, the 
striatum did not appear to differ in its structural organization (Fig 2B). The olfac-
tory bulb demonstrated glomerular, mitral cell, and granule cell layers that were 
indistinguishable between wildtype and Ehmt1+/- mice (Fig 2C). The same was 
observed for the hippocampus, in which CA1, CA2, CA3 and DG regions showed 
normal architecture in both genotypes (Fig 2D). Ehmt1+/- mice displayed nor-
mal morphology of the colliculus (Fig 2E), thalamus (Fig 2F), brainstem (Fig 2G), 
amygdala (Fig 2H), and piriform cortex (Fig 2J), when compared with wildtype. 
Finally, the cerebellum showed a normal overall morphology, with a normal layer-
ing pattern of the molecular, Purkinje cell, and granular layers in both genotypes 
(Fig 2K). We also investigated brain sections of 3, 10 and 20 months old wildtype 
and Ehmt1+/- mice that showed similar morphologies (data not shown). Although 
subtle layering abnormalities cannot be ruled out, the Ehmt1+/- mice appear to 
have a normal brain architecture. 
Fig 1. Sporadical findings of lateral ventricle abnormalities in Ehmt1+/- mice. In haematoxylin and 
eosin stained brain sections we observed a large hole between the lateral ventricles of one Ehmt1+/- mouse (A) 
in a group of 18 months old wildtype (B, n=7) and Ehmt1+/- mice (n=5). Golgi-Cox stained sections of 3 months 
old wildtype (n=6) and Ehmt1+/- mice (n=7), revealed the presence of enlarged lateral ventricles in one Ehmt1+/- 
mouse (C), whereas this was not observed in wildtype (D) and other Ehmt1+/- mice. LV = lateral ventricle, bar in 
(C) for C,D is 0.9 mm
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Fig 2. Similar brain morphology in wildtype and Ehmt1+/- mice. Haematoxylin and eosin stained brain sections of 
wildtype (n=5) and Ehmt1+/- mice (n=5), revealed similar morphologies in cortex (A), striatum (B), olfactory bulb (C), hip-
pocampus (D), colliculus (E), thalamus (F), brainstem (G), amygdala (H), piriform cortex (J), and cerebellum (K). Bar = 200 
µm. I,II,III,IV = corresponding cortical layers, AMY = amygdala, BS = brain stem, CA = cornu amonis, CER = cerebellum, COL = 
colliculus, COR = cortex, DG = dentate gyrus, GCL = granular cell layer, GL = glomerular layer, LV = lateral ventricle, MCL = mi-
tral cell layer, ML = molecular layer, PC = Purkinje cells, PIR = piriform cortex, arrowheads in (B) point at striatal fiber tracts
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No differences in cell numbers in the striatum of wildtype and Ehmt1+/- mice
For a more in-depth analysis, we quantified cell numbers in the striatum of 
wildtype and Ehmt1+/- mice. This area was chosen for a pilot study, because stria-
tal changes were recently noted in a patient with KS (Verhoeven et al., 2011). 
Furthermore, this is a well defined area allowing for good comparison between 
mice.  The number of cells was quantified using Fiji software (Schindelin et al., 
2012) on DAPI stained sections. At all ages tested, no significant differences were 
observed in the amount of cells between wildtype and Ehmt1+/- striatum (Fig 3). 
In this pilot experiment, no obvious deviations from wildtype could be detected in 
Ehmt1+/- mice with regards to total cell numbers in the striatum at 3, 6, 10 and 
20 months of age.
Ehmt1 is expressed throughout the brain in adult and aged wildtype and Ehmt1+/- 
mice
To establish the distribution pattern of Ehmt1 protein in the adult mouse 
brain, we performed elaborate immunocytological analysis at different ages in 
wildtype and Ehmt1+/- mice. When examining the stained sections, we observed 
that Ehmt1 had a nuclear localization and was present in all brain regions of 
adult and aged mice. Fig 4 shows that Ehmt1 protein was detected in cortex (Fig 
4A), striatum (Fig 4B), olfactory bulb (Fig 4C), hippocampus (Fig 4D), colliculus 
(Fig 4E), thalamus (Fig 4F), brainstem (Fig 4G), amygdala (Fig 4H), piriform cortex 
(Fig 4J), and cerebellum (Fig 4K) of 1 month old wildtype mice. Similar patterns 
were seen in Ehmt1+/- mice (Fig 4A-K). We then investigated brain sections of 3, 
10, and 20 months old mice (data not shown), that revealed no changes in the 
localization pattern of the protein. Protein levels seemed to decrease with age (see 
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Fig 3. Comparable cell numbers in wildtype and Ehmt1+/- striatum. The number of DAPI stained nuclei 
in the striatum of wildtype (n=5 per age group) and Ehmt1+/- (n=5 per age group) brain sections was quantified 
in 3, 6, 10 and 20 months old mice, revealing no genotype differences.
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Fig 4. Ehmt1 protein is present in all regions of the mouse brain. Immunocytochemistry showed a nuclear lo-
calization of the Ehmt1 protein, and similar expression patterns in wildtype (n=5) and Ehmt1+/- mice (n=5) in cortex (A), 
striatum (B), olfactory bulb (C), hippocampus (D), colliculus (E), thalamus (F), brainstem (G), amygdala (H), piriform cortex 
(J), and cerebellum (K). Bar = 200 µm. Of note, sections stained with an IgG2a isotype control indeed showed absence 
of immunoreactivity (data not shown). Arrowheads point at examples of Ehmt1-positive cells, note that all cells show a 
nuclear staining.  
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Fig 5 for dentate gyrus example), as noted by diminished staining intensity of the 
cell nuclei compared with the surrounding neuropil background. This decrease 
in Ehmt1 protein levels at 20 months of age was noted before, using western blot 
analysis (Balemans et al., 2012).   
Ehmt1 is prominently localized in dentate gyrus subgranular zone cells
When examining the Ehmt1 stained sections with a high magnification, the 
subgranular zone cells of the dentate gyrus seemed to have a more intensive 
staining as compared with surrounding nuclear-dense regions such as cells in 
the granular layer in 1 month old wildtype mice (Fig 5A). This was also observed 
for the 3 and 10 months old mice (Fig 5B-C), whereas the 20 months old mice did 
not seem to display this partitioning (Fig 5D). To confirm these observations, we 
performed quantitative analysis to determine the amount of Ehmt1 protein per 
cell (Fig 6) using Fiji software (Schindelin et al., 2012). Interestingly, cells in the 
dentate gyrus subgranular zone (SGZ) were significantly darker compared with 
Fig 5. Ehmt1 protein localization patterns in the dentate gyrus. Ehmt1 staining was present in the 
dentate gyrus of 1 month (A), 3 months (B), 10 months (C), and 20 months old mice (D, n=5 per age group). 
Note that the subgranular zone cells appeared to have a more intense staining compared with the granular 
cell layer cells. Bar = 30 µm.
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the granular cell layer (GCL) cells in 1 month (p < 0.001), 3 months (p < 0.002), 
and 10 months (p < 0.002), but not in 20 months old mice (Fig 6). A similar pat-
tern was observed in Ehmt1+/- mice of the different ages (data not shown).
The relative Ehmt1 protein levels were subsequently determined by calculating 
the SGZ:GCL intensity level ratio. This ratio was 1.21 in 1 month old mice, 1.08 
at 3 months, 1.11 at 10 months, and 1.05 at 20 months (Fig 6). These results in-
dicate that the SGZ cells have a higher Ehmt1 protein expression compared with 
GCL cells at 1, 3, and 10 months of age, and this ratio was significantly higher (p 
< 0.002) in 1 month old animals as compared with 3, 10 and 20 months old mice.
Ehmt1 expression appears to be higher in brain areas with newborn neurons
The SGZ of the dentate gyrus is a well known area of adult neurogenesis 
(Hsieh, 2012). Thus high Ehmt1 expression appears to coincide with the loca-
tion of newborn neurons. Another major site of neurogenesis is the subventricu-
lar zone of the lateral ventricle, from where cells migrate to the olfactory bulb 
(Luskin, 1993). These migratory neuroblasts of the adult subventricular zone, 
rostral migratory stream and olfactory bulb also seemed to show high Ehmt1 
protein amounts (Fig 7). 
Western blot analysis confirmed that Ehmt1 protein levels were significantly 
higher in the olfactory bulb compared with cortex and hippocampus tissue (F1,2= 
246.719, p < 0.001; Bonferroni’s post-hoc analysis p < 0.001; Fig 8A). Further-
Fig 6. Increased amount of Ehmt1 protein in the dentate gyrus subgranular zone compared with 
granular layer cells. Mean grey value measurements revealed that subgranular zone cells (n=30 per mouse) 
were more darkly stained, compared with the granular cell layer cells (n=30 per mouse) in 1, 3, and 10 months 
old wildtype mice (n=5 per age group). In 20 months old mice the cells in the two layers showed equal amounts 
of Ehmt1 protein. * = significant difference between SGZ and GCL. GCL = granular cell layer, SGZ = subgranular 
zone
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Fig 7. Ehmt1 expression in the subventricular zone, rostral migratory stream, and olfactory bulb. 
Cells in the subventricular zone, rostral migratory stream and olfactory bulb seemed to be darkly stained. This is 
shown in an overview of the OB with RMS (A) and RMS with SVZ (B). Detailed pictures were taken from the OB 
(C), RMS (D), and SVZ (E) to visualize the darkly stained cells. Bar in A, B = 400 µm; bar in C = 100 µm; bar in D, 
E = 40 µm. LV = lateral ventricle, OB = olfactory bulb, RMS = rostral migratory stream, SVZ = subventricular zone 
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Fig 8. Ehmt1 protein levels are significantly higher in the olfactory bulb. Western blot analysis re-
vealed a significantly higher expression of Ehmt1 protein in the olfactory bulb compared with hippocampus and 
cortex (A). Ehmt1 protein levels were significantly reduced (~50%) in the olfactory bulb of Ehmt1+/- mice (n=3) 
compared with wildtype (n=4, B). * = significant difference, COR = cortex, HIP = hippocampus, OB = olfactory 
bulb 
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more, Ehmt1+/- mice showed an approximately 50% reduction of Ehmt1 protein 
levels in the olfactory bulb (p < 0.008; Fig 8B). This is in line with our previous 
findings of 40-50% reduced Ehmt1 protein levels in whole brain, hippocampus 
and cortex in Ehmt1+/- mice (Balemans et al., 2012). 
     
No evidence for diminished olfactory abilities of Ehmt1+/- mice
To investigate the functional effects of reduced Ehmt1 expression levels in the 
olfactory bulb of Ehmt1+/- mice, we performed the olfactory habituation/disha-
bituation test (Yang and Crawley, 2009). During this test, mice explore an odor 
by actively sniffing at a presented odor-dipped cotton swab. The mice are habitu-
ated to an odor by repeated odor presentation. When presented with a new odor, 
dishabituation indicates the ability of the mouse to distinguish different smells.
Wildtype animals showed habituation to the three nonsocial odors (water, al-
mond and banana) and the social odors 1 and 2, as demonstrated by the decline 
in time spent sniffing within each set of three similar odor presentations (Fig 9). 
Furthermore, they showed dishabituation between odors, as seen in an increase 
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
0
10
20
30
40
50 wt
+/-
Ti
m
e 
sp
en
t s
ni
ffi
ng
 (s
ec
)
water almond banana social 2social 1
Fig 9. No difference in olfaction between wildtype and Ehmt1+/- mice. For the olfactory habituation/
dishabituation test, each mouse was subjected to one trial with different odors presented in a sequential order. 
Three nonsocial odors (water, almond, banana) and two social odors (collected from two separate cages with 
4 stranger mice), were presented to each mouse. Wildtype mice (n=12) explored the first presentation of water 
by spending time sniffing the water dipped cotton swab. During the second and third presentation of water 
exploration was reduced, indicating a habituation to this odor. This habituation was also observed for the other 
four odors. After the third presentation of an odor, a new odor was presented to the mouse, and wildtype mice 
showed odor discrimination by an increased time spent sniffing the new odor. Ehmt1+/- mice (n=10) behaved 
similar to wildtype by showing habituation to each odor during three consecutive presentations, and dishabitu-
ation between the third presentation of the previous odor and the first presentation of the new odor.
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in the time spent sniffing the first presentation of a new odor compared with the 
last presentation of the previous odor, except for the almond to banana transi-
tion (water to almond p < 0.006; almond to banana p < 0.074; banana to social 
odor 1 p < 0.005; social odor 1 to social odor 2 p < 0.048; Fig 9). Similar results 
were observed for Ehmt1+/- mice, that also showed habituation for each odor and 
significant dishabituation between odors (water to almond p < 0.001; almond to 
banana p < 0.048; banana to social odor 1 p < 0.008; social odor 1 to social odor 
2 p < 0.046; Fig 9), suggesting that decreased Ehmt1 levels do not affect odor 
discrimination ability for nonsocial and social odors. Of note, the Ehmt1+/- mice 
showed a reduction in time spent sniffing the different odors (Fig 9), which is in 
line with the reduced exploration phenotype we reported earlier for these mice 
(Balemans et al., 2010). 
Discussion
In this study we have shown that Ehmt1 is expressed throughout the brain in 
mice of 1, 3, 10 and 20 months of age, with a significantly higher expression in 
the olfactory bulb and the dentate gyrus subgranular zone. In addition, Ehmt1+/- 
mice appear to have a normal structural organization of brain areas.
Although we sporadically observed enlarged lateral ventricles in the Ehmt1+/- 
mice, this phenotype needs to be systematically assessed in further studies be-
fore any conclusions can be drawn. The fact that the structural organization 
of brain areas appeared to be normal in Ehmt1+/- mice is indicative for normal 
neuronal migration during development. Furthermore, when we assessed cel-
lular density in the striatum, no differences were observed between wildtype and 
Ehmt1+/- mice. However, some patients with KS do show structural brain abnor-
malities or partial atrophy (Cormier-Daire et al., 2003;Dawson et al., 2002;Kleef-
stra et al., 2009;Verhoeven et al., 2011). Thus future studies, for example cell 
counts in other brain regions, will be useful to further characterize the effects of 
Ehmt1 haploinsufficiency on brain structure.  
Alternatively, when we performed in-depth analysis at the level of individual 
neurons, various morphological abnormalities were observed in the Ehmt1+/- mice 
(Balemans et al., 2012). Ehmt1+/- hippocampal pyramidal neurons showed re-
duced dendritic arborization and complexity, with a lower spine density (Bale-
mans et al., 2012). These effects on spine density may be, partly, caused by 
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acute effects of learning and memory processes that require synaptic remodeling 
(Geinisman et al., 2000). Furthermore, the role for epigenetic regulation in learn-
ing and memory is now widely accepted (Day and Sweatt, 2011b;Lubin et al., 
2011;Nelson and Monteggia, 2011;Sultan and Day, 2011). It thus appears that 
Ehmt1 haploinsufficiency does not change gross brain morphology, but does af-
fect cellular morphology with possible acute effects on spine density. This latter 
consideration of Ehmt1 necessity for adult brain function, is in agreement with 
the fact that Ehmt1 was continuously expressed in the brain of 1, 3, 10 and 
20 months old mice. In addition, conditional knockout of Ehmt1 in postnatal 
mouse forebrain neurons resulted in defective associative learning (Schaefer et 
al., 2009), which provides further support for this statement. 
During brain development, proliferation of neuronal stem cells generates many 
newborn cells that migrate to various parts of the developing brain and form the 
different brain structures. In addition, neurogenesis continues in distinct regions 
of the adult brain. Our current and previous work has provided several clues 
that Ehmt1 may play a role in these neuronal stem cells and/or newborn neu-
rons in the adult mouse brain. First, Ehmt1 expression levels were higher in the 
dentate gyrus subgranular zone and the olfactory bulb, which are areas of adult 
neurogenesis and newborn neurons. Secondly, Ehmt1 staining intensity in the 
subgranular zone decreased at old age, in line with reduced neurogenesis in aged 
mice (Jin et al., 2003). And third, Ehmt1 protein levels were high in neonatal 
mice (Balemans et al., 2012), which coincides with the period that the brain is 
still developing. The presence of Ehmt1 in these cells indicates that it could be 
involved in the proliferation, migration and/or differentiation of neuronal stem 
cells. The dentate gyrus subgranular zone is one of the regions where adult neu-
rogenesis takes place (Zhao et al., 2008). These newborn neurons integrate into 
the existing circuitry and have been shown to participate in new learning and 
memory processes (Arruda-Carvalho et al., 2011;Trouche et al., 2009). Our find-
ing of memory deficits in the Ehmt1+/- mice, may be related to this (Balemans et 
al., 2012). The other area of adult neurogenesis in the mammalian brain is the 
subventricular zone, from where cells migrate via the rostral migratory stream to 
the olfactory bulb and differentiate into GABAergic interneurons (Petreanu and 
Alvarez-Buylla, 2002). We observed increased Ehmt1 levels in the olfactory bulb 
compared with other brain regions. However, when testing the Ehmt1+/- mice for 
their olfactory abilities, the reduced Ehmt1 levels did not result in any deleterious 
effects. This is in line with the finding that ablation of newly formed neurons in 
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the adult brain did not affect odor discrimination ability in mice (Imayoshi et al., 
2008). Apparently, olfactory function is strongly embedded in the mouse brain 
and cannot be easily disturbed.  
In summary, Ehmt1 protein is expressed throughout the brain in 1, 3, 10 and 
20 months old wildtype and Ehmt1+/- mice. Interestingly, we detected significantly 
higher Ehmt1 protein levels in the olfactory bulb and the dentate gyrus subgran-
ular zone. These findings suggest a role for Ehmt1 in neuronal stem cells and/
or newborn neurons. Further studies have to be performed to pinpoint the exact 
role Ehmt1 plays in these cells. As we identified that dentate gyrus subgranu-
lar zone cells showed a significantly increased Ehmt1 expression, quantitative 
analysis of other areas with neuronal stem cells and/or newborn neurons should 
be performed, like the subventricular zone and the rostral migratory stream. In 
addition, co-localization studies of Ehmt1 with doublecortin or BrdU labeling 
will provide additional information, as these are markers for adult neurogenesis 
(Brown et al., 2003). 
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Behavioral and neuropathological characterization of the 
Ehmt1+/- mice, a model for Kleefstra syndrome
Euchromatin histone methyltransferase 1 (Ehmt1) is an enzyme involved in 
mono- and dimethylation of lysine 9 of the histone H3 N-terminal tail (Tachibana 
et al., 2005). Deletion of this gene in mice leads to embryonic lethality and a 
drastic reduction in H3K9me2 levels, a histone mark associated with gene silenc-
ing (Barski et al., 2007). More specifically, Ehmt1 forms a heteromeric complex 
with Ehmt2/G9a and suppresses transcription by inducing H3K9 methylation at 
target genes (Tachibana et al., 2008;Tachibana et al., 2005). In addition, haploin-
sufficiency of the EHMT1 gene in humans is causative for Kleefstra syndrome (KS) 
(Kleefstra et al., 2006a;Kleefstra et al., 2009;Kleefstra et al., 2010). With the stud-
ies described in this thesis, we wanted to obtain more insight into Ehmt1 protein 
function, with a focus on its role in neuronal functioning and behavior, using the 
Ehmt1+/- mice as a mammalian model for KS. To this end, we characterized these 
mice at the behavioral, histological and cellular level.
At the behavioral level, we found that Ehmt1 haploinsufficiency in mice had 
significant effects on behavior, development, and memory function. Ehmt1+/- mice 
showed reduced exploration, increased anxiety, and altered social behavior when 
compared with wildtype littermates (chapter 2). These behavioral abnormalities 
mimic the autistic-like features that are often observed in patients with KS (Kleef-
stra et al., 2009;Willemsen et al., 2012). In addition, the Ehmt1+/- mice were hy-
poactive (chapter 2), reminiscent of the marked inactivity recently described for 
adult KS patients (Verhoeven et al., 2010;Verhoeven et al., 2011). Furthermore, 
Ehmt1+/- mice showed impairments in several learning and memory tasks (chap-
ter 3), which correlates with the intellectual disability phenotype of the human 
patients. Lastly, when assessing early postnatal development and cranial mor-
phology in these mice, we found that the general developmental delay, child-
hood hypotonia, and cranial abnormalities typical for KS patients (Stewart and 
Kleefstra, 2007), were also observed in the Ehmt1+/- mice (chapter 4). Important 
KS features are thus recapitulated in the Ehmt1+/- mouse model (Table 1). Us-
ing this mouse as a model, we can start unraveling molecular mechanisms and 
pathogenesis, identify phenotypic features that have gone unnoticed in patients, 
and develop potential therapeutic interventions. Of note, some parts of the KS 
phenotype have not been assessed yet in the Ehmt1+/- mice, i.e. the occurrence of 
seizures and sleep disorder (Stewart and Kleefstra, 2007;Kleefstra et al., 2009). 
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Congenital heart defects and deafness are also observed in KS patients (Stewart 
and Kleefstra, 2007), but these phenotypes have not been noted in the Ehmt1+/- 
mice (data not presented in this thesis for heart defects, for hearing ability see 
chapter 3). 
At the histological level, the Ehmt1+/- mice displayed normal brain morphology 
and layering (chapter 5). However, when we assessed cellular morphology of in-
dividual neurons in the hippocampal CA1 area, we observed a reduced neuronal 
complexity. This was measured by a decreased dendritic arborization and a de-
creased spine density, in particular a reduction in the number of mushroom type 
spines (chapter 3). Interestingly, recent measurements in layer II/III pyramidal 
neurons from the somatosensory cortex revealed a similar reduction in neuronal 
complexity with an even more severe effect on spine density (M. van de Molengraft 
and N. Nadif Kasri, personal communication). Dendritic spines are the principal 
sites of synaptic input, and thus play a key role in brain connectivity. Therefore, 
alterations in spine number and/or morphology are expected to have major im-
pact on brain functioning. Some of the earliest studies investigating neuronal 
morphology in ID patients already noted the reductions in dendritic arboriza-
tion and spine density (Marin-Padilla, 1972;Purpura, 1974). These observations 
of abnormal dendritic structure, abnormal spine morphology, and increased or 
decreased spine numbers, have now been described for many ID disorders and 
appear to be a consistent feature of neurons in patients with ID (Fiala et al., 
2002;Kaufmann and Moser, 2000). In addition to the structural abnormalities 
of Ehmt1+/- neurons, we also observed clear aberrations in synaptic functioning 
(chapter 3). Although basal synaptic transmission and long-term potentiation 
measurements were normal, Ehmt1+/- neurons showed a reduced frequency of 
Table 1. Features of Kleefstra syndrome (KS) patients are recapitulated in the Ehmt1+/- mice.
KS patient (EHMT1+/-) phenotype      Ehmt1+/- mouse phenotype                    Described in 
Deficits in tests assessing learning 
and memory function
Delayed postnatal development
Delayed motor function development 
and signs of muscle weakness
Brachycephalic cranium, a shorter 
nasal bone, and hypertelorism
Reduced exploration, increased 
anxiety, and altered social behavior
Reduced locomotor activity
Intellectual disability
Developmental delay
(Childhood) hypotonia
Craniofacial abnormalities
Autistic-like features
Marked inactivity
Chapter 3
Chapter 4
Chapter 4
Chapter 4
Chapter 2
Chapter 2
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spontaneous synaptic events and increased paired-pulse facilitation. These alter-
ations in synaptic function may be indicative for a reduced pre-synaptic release 
probability (Ramirez and Kavalali, 2011;Zucker and Regehr, 2002). Haploinsuf-
ficiency of Ehmt1 thus appears to affect both the pre- and the post-synaptic side. 
This will most likely result in deleterious effects on synaptic function and, in 
turn, network connectivity, plasticity and behavior. 
The role of histone methylation in learning and memory
Proper synaptic function and plasticity are important for information process-
ing in the brain, and alterations in these processes will affect brain function. Many 
studies have addressed the importance for dendritic spines and their plasticity in 
learning and memory processes (Geinisman et al., 2000;Segal, 2005;Yuste and 
Bonhoeffer, 2001) and the search for mechanisms underlying these structural 
and functional alterations is needed. It is widely accepted that changes in synap-
tic transmission, that occur during learning processes, need to be accompanied 
by protein synthesis in order to consolidate the memory (Alberini, 2009;Lampre-
cht and LeDoux, 2004). The necessary changes in gene expression are regulated 
by many different transcription factors. The ability of such transcription factors 
to bind to the promoter and other regulatory regions of neural target genes relies 
on the accessibility of these DNA sequences, which is determined by the presence 
of certain histone modifications (McClung and Nestler, 2008). 
The role of epigenetic regulation in learning and memory has captured a lot of 
attention lately (Day and Sweatt, 2011a;Lubin et al., 2011;Nelson and Monteggia, 
2011;Sultan and Day, 2011), and appears to be an essential mechanism for both 
the formation and storage of memory after a behavioral test (Day and Sweatt, 
2011b). Consequently, it is not surprising that mutations in genes that encode 
epigenetic regulators cause defects in cognitive function (Kramer and van Bok-
hoven, 2009;Day and Sweatt, 2012), of which KS is an excellent example. Other 
examples include the methyl DNA binding protein MECP2 in Rett syndrome, the 
histone acetyltransferase CREBBP in Rubinstein‐Taybi syndrome, or the histone 
demethylase JARID1C in syndromic X-linked ID (van Bokhoven, 2011;van Bok-
hoven and Kramer, 2010). While Ehmt1 expression was most pronounced early 
in development, it continued to be expressed in the adult mouse brain (chapters 
3 and 5), which supports a role for this protein in both neurodevelopment and 
acute nervous system functions like learning and memory processes. Although 
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EHMT1 apparently plays an important role in human cognitive function (Kleefs-
tra et al., 2009), only a few studies have assessed the function of this protein in 
learning and memory. Our group has used Drosophila to identify EHMT as a key 
epigenetic regulator of neuronal genes and associative learning processes (Kramer 
et al., 2011), and another study in mice revealed that a homozygous knockout of 
Ehmt1 in postnatal forebrain neurons led to fear associated memory deficits and 
an upregulation of gene expression (Schaefer et al., 2009). Our studies, described 
in this thesis, showed that Ehmt1+/- mice had significant deficits in several mem-
ory tasks, with associated morphological and functional synaptic abnormalities 
(chapter 3). These data are in line with the concepts that alterations in epigen-
etic regulation affect the formation and storage of behavioral memories (Day and 
Sweatt, 2011b), and that proper dendritic spine function is important for learning 
and memory processes (Yuste and Bonhoeffer, 2001). Absence of Ehmt1 protein 
in Ehmt1-/- ES cells led to a drastic reduction in H3K9me2 levels (Tachibana et al., 
2005). Therefore we hypothesize that the 40-50% reduction of Ehmt1 protein in 
the Ehmt1+/- mouse brain (chapter 3) would also lead to significant reductions in 
H3K9me2 levels at its target genes. A next step would be to identify these Ehmt1 
target genes, to obtain a better understanding of how this protein affects learning 
and memory processes. To this end, H3K9me2 chromatin immunoprecipitation 
studies and RNA sequencing analyses were recently performed on Ehmt1+/- hippo-
campus tissue, which provided preliminary support for the notion that neuronal 
genes are controlled by Ehmt1 (H. Zhou, personal communication).       
Although valuable data can be obtained from studies in naïve animals, spatial 
and temporal gene expression profiling before and after a learning and memory 
paradigm may reveal fundamental information on how the memory is acquired, 
stored and consolidated. Such a study could for example shed light on the genes 
that are necessary for specific learning and memory behavior, that may be dif-
ferentially regulated as a consequence of Ehmt1 haploinsufficiency. Recent lit-
erature indeed shows examples of very specific changes in histone modifications 
upon learning (Graff et al., 2012;Gupta-Agarwal et al., 2012). One of these studies 
identified an essential role for the Ehmt1/Ehmt2 complex in the transcriptional 
regulation of genes in area CA1 of the rat hippocampus and the entorhinal cortex 
during fear memory consolidation (Gupta-Agarwal et al., 2012). This group found 
that mRNA levels of genes important for memory consolidation were increased 
within 1 hour after acquisition, associated with decreased H3K9me2 levels, in the 
entorhinal cortex of fear conditioned mice treated with an Ehmt1/Ehmt2 activ-
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ity inhibitor (Gupta-Agarwal et al., 2012). These data indicate that Ehmt1 plays 
an important role in regulating genes expression during memory consolidation 
by altering H3K9me2 levels. In our studies, we observed a similar association 
between decreased H3K9me2 patterns and increased gene expression. Follow-
ing the observation of cranial abnormalities in the Ehmt1+/- mice, we found that 
several bone tissue related mRNA’s were upregulated in both hippocampus and 
cranial bone tissue (chapter 4). Interestingly, for two of these genes, the upregu-
lation in mRNA levels was clearly associated with decreased H3K9me2 levels at 
the transcription start site. Thus, gene dysregulation caused by alterations in 
H3K9me2 levels due to Ehmt1 haploinsufficiency may be a plausible explanation 
for the cranial and ID phenotypes of the Ehmt1+/- mice. 
 
There is more to EHMT1 than just KS and vice versa
KS is a neurodevelopmental disorder characterized by multiple behavioral ab-
normalities, such as deficits in cognitive function, aggressive outbursts, epilepsy, 
and autistic-like behaviors (Kleefstra et al., 2009). The clinical spectrum is thus 
broad, with an apparent overlap to other psychopathologies like autism spec-
trum disorder. This high comorbidity between ID and other neuropathological 
conditions such as anxiety, epilepsy or autism spectrum disorder is well known 
(Oeseburg et al., 2011;Stromme and Diseth, 2000), and is also observed in other 
ID syndromes like Rett, Down, Angelman and Fragile X syndrome (Cohen et al., 
2005;Merwick et al., 2012). This comorbidity is not only noted at the phenotypic, 
but also at the genetic level. For example, mutations in one gene, like SHANK2, 
NLGN4, or IL1RAPL1, can lead to either ID, autism, or a combination of the two 
(Berkel et al., 2010;Laumonnier et al., 2004;Piton et al., 2008). These data in-
dicate that different neuropsychiatric manifestations may arise from mutations 
in one and the same gene. It is likely that mutations in these genes disrupt 
fundamental neuronal processes, and the contribution of additional genetic or 
environmental factors will ultimately lead to clinical diagnoses that can cross 
categorical boundaries (State, 2010). Interestingly, recent studies have shown 
that mutations or deletions of EHMT1 are not only associated with KS. De novo 
mutations have also been detected in patients with autism spectrum disorder 
and schizophrenia (Kirov et al., 2012;O’Roak et al., 2012;Talkowski et al., 2012). 
As noted above, a significant part of patients with KS display autistic-like fea-
tures (Stewart and Kleefstra, 2007;Willemsen et al., 2012), a phenotype that is 
recapitulated in the Ehmt1+/- mice (chapter 2). It would be interesting to obtain 
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more phenotypic information about the autism spectrum disorder patients with 
EHMT1 mutations (O’Roak et al., 2012;Talkowski et al., 2012) as they might be 
classified as KS patients. Genetic or environmental modifiers may thus influence 
the phenotypic outcome of EHMT1 mutations, and the Ehmt1+/- mice represent 
a valuable model to test this hypothesis. For example, backcrossing the muta-
tion into a different mouse strain alters the genetic background and may gener-
ate additional information about possible differences in phenotypic outcome. In 
addition, the phenotypic effects of environmental cues imposed to mother mice 
during embryonic development or applied to newborn mice can be tested under 
controlled conditions. In such experimental settings it would also be possible to 
investigate the effects of environmental factors on transcription and the epigen-
etic landscape in the brain of these animals. 
EHMT1 mutations thus appear to underlie disorders across diagnostic bound-
aries. Vice versa, there is more to KS than just EHMT1. Deletions and intragenic 
mutations affecting the EHMT1 gene account for approximately 25% of individu-
als with the clinical diagnosis of KS. A recent study from our group identified 
mutations in genes other than EHMT1 to be involved in the Kleefstra syndrome 
phenotypic spectrum (KSS). De novo mutations in MBD5, MLL3, SMARCB1, and 
NR1I3 were identified, all of which encode epigenetic regulators (Kleefstra et al., 
2012). Moreover, interactions studies in Drosophila revealed functional links, 
indicating that these genes share a biological function with EHMT1. Members 
of this, so called, chromatin-modification module probably operate in the same 
molecular and cellular processes, and disruption of one of the components of this 
module will have deleterious effects on neuronal function (Fig 1). As mentioned 
above, mutations in EHMT1 can lead to clinical diagnoses that can cross categori-
cal boundaries. Interestingly, recent data suggest that mutations in other mem-
bers of this chromatin-modification module may have the same effect, as MBD5 
and MLL3 have also been implicated in autism spectrum disorder (O’Roak et al., 
2012;Talkowski et al., 2011) and mutations in SMARCB1 are associated to an-
other ID syndrome (Coffin-Siris syndrome) (Santen et al., 2012;Tsurusaki et al., 
2012). A similar example of a molecular network underlying neurodevelopmen-
tal disorders has been described for the TCF4-NRXN1-CNTNAP2 gene network 
(Forrest et al., 2012). Mutations in TCF4 cause Pitt-Hopkins syndrome, which is 
characterized by ID, and were associated with schizophrenia (Blake et al., 2010). 
Alternatively, Pitt-Hopkins syndrome can be caused by mutations in NRXN1 or 
CNTNAP2, two genes that have also been reported in patients with ID, autism, 
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epilepsy, and schizophrenia (Duong et al., 2012;Gregor et al., 2011). In summary, 
EHMT1 acts, together with other genes, in a network underlying proper neuronal 
function. Disruption of one of these components will have deleterious effects on 
neuronal function, and will lead to a KS phenotype. Depending on other genetic 
or environmental modifiers, disruption of one of the genes in the network can lead 
to different neuropathologies (Fig 1).   
Concluding remarks
The studies in this thesis have contributed to establishing the Ehmt1+/- mice 
as a valid model for further studying: the Kleefstra syndrome phenotype, molecu-
lar mechanisms underlying this disorder, and translational applications of this 
mouse for other neurodevelopmental disorders like autism. This mouse is based 
MBD5
EHMT1
NR1I3
MLL3
SMARCB1
ASDKS SZID
Neuronal target genes

Chromatin
marks
Environmental 
modifiers
MBD5
NR1I3
MLL3
SMARCB1
“normal”
Neuronal function  Genetic
background
Fig 1. An epigenetic network underlying proper neuronal function. Disruption of one of the compo-
nents of a gene network that can epigenetically influence the expression of neuronal target genes, will have 
deleterious effects on neuronal function. Depending on other genetic factors and environmental influence, this 
will result in a certain neuropathology like KS.
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on the genetic cause for KS (EHMT1+/-) and recapitulates the human phenotypes, 
making this a model with both construct and face validity (Chadman et al., 2009). 
The advantage of using these mice as a model is the ability to study each tissue or 
trait of interest at each developmental time. Studies with Fmr1 knockout mice for 
Fragile X syndrome and other mouse models for ID syndromes have demonstrat-
ed their usefulness and may act as helpful examples for further research. Also for 
other ID disorders, the translation of conceptual knowledge to the clinic is being 
made. An exciting example is a recent study that showed a therapeutic strategy 
for patients with Angelman syndrome. By using a high-content screen in mouse 
primary cortical neurons, a topoisomerase inhibitor was identified that unsi-
lenced the paternal Ube3a allele when administered in vivo (Huang et al., 2012). 
Such examples indicate that it might be possible to design intervention strategies 
to alleviate some of the symptoms/phenotypic features associated with genetic 
forms of ID. Hopefully, future studies with the Ehmt1+/- mice will advance toward 
understanding disease pathology and eventually the development of therapeutic 
strategies for patients with KS and possibly other neurodevelopmental disorders. 
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Summary
Intellectual disability (ID) has a worldwide prevalence of about 2% and can be 
caused by numerous environmental or genetic factors. It can manifest as nonsyn-
dromic ID where it is the sole recognizable symptom, or as syndromic ID where 
it is accompanied by additional mental and/or physical features. Due to the high 
prevalence and lifelong medical implications, it is important to gain insight into 
the disrupted molecular pathways underlying ID, in order to be able to develop 
potential therapeutic strategies. 
Kleefstra syndrome (KS) is a form of syndromic ID, with moderate to severe 
intellectual disability, general developmental delay, childhood hypotonia and cra-
niofacial abnormalities as core features. In addition, patients can display heart 
defects, renal/urologic defects, genital defects in males, severe respiratory in-
fections, epilepsy, sleep disturbances, absence of speech, autistic-like features 
in childhood, and extreme apathy or catatonic-like features after puberty. The 
syndrome is caused by deletion or mutation of one of the two copies of the Eu-
chromatin histone methyltransferase 1 (EHMT1) gene. In every cell of our body, the 
DNA is wrapped around histone proteins. The N-terminal tails of these histones 
protrude from the complex and are susceptible for modification. The EHMT1 pro-
tein is able to mono- and dimethylate lysine 9 of the histone H3 N-terminal tail, 
which is an epigenetic mark associated with transcriptional repression. Thus, 
haploinsufficiency of the EHMT1 gene will probably result in a dysregulation of 
gene expression.      
The mechanisms underlying the many features observed in KS patients are 
yet unknown. These need to be elucidated in order to develop potential therapeu-
tic strategies. Studies in humans have limited possibilities for investigations that 
aim to explain basic mechanisms of brain disorders. Thus, animal models are in-
valuable for improving our understanding of the disease pathology. Mouse Ehmt1 
is highly similar to the human EHMT1 gene, with a 97% homology in amino 
acid sequence. Therefore we chose to phenotype Ehmt1 heterozygous knockout 
(Ehmt1+/-) mice as a mammalian model for KS. Using these mice, we wanted to 
obtain more insight into Ehmt1 protein function, with a focus on its role in neu-
ronal functioning and behavior. To this end, we characterized these mice at the 
behavioral, histological and cellular level. 
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Our initial studies pointed at altered exploration/anxiety behavior in the 
Ehmt1+/- mice. Therefore we investigated whether the autistic-like features ob-
served in KS patients were mimicked in these mice, by performing a battery of 
behavioral tests. As described in chapter 2, the Ehmt1+/- mice showed reduced 
activity and exploration, with increased anxiety compared with wildtype mice 
when exposed to novel environments in the open field, object exploration, marble 
burying, light-dark box, mirrored chamber and T-maze tests. The Ehmt1+/- mice 
also demonstrated diminished social play when encountering a mouse from a dif-
ferent litter, and a delayed or absent response to social novelty when exposed to 
a stranger mouse. Those results indicated that the hypoactivity and autistic-like 
features of KS patients are recapitulated in the Ehmt1+/- mice. 
Patients with KS show diminished cognitive functioning, presenting as moder-
ate to severe ID. In chapter 3 we showed that, in agreement with this, Ehmt1+/- 
mice displayed deficits in fear extinction learning, and in novel and spatial object 
recognition. These learning and memory deficits were associated with a signifi-
cant reduction in dendritic arborization and the number of mature spines in 
hippocampal CA1 pyramidal neurons of Ehmt1+/- mice. In-depth analysis of the 
electrophysiological properties of CA3-CA1 synapses revealed no differences in 
basal synaptic transmission or theta-burst induced long-term potentiation. How-
ever, Ehmt1+/- neurons displayed significantly increased paired-pulse facilitation 
and a reduction in the frequency of miniature excitatory post-synaptic currents, 
together pointing to a potential deficiency in presynaptic neurotransmitter re-
lease. These data demonstrated that Ehmt1 haploinsufficiency in mice leads to 
decreased learning task performance and to aberrant morphology and function-
ing of hippocampal synapses. 
In addition to ID, KS patients show three more core features i.e. general devel-
opmental delay, hypotonia, and craniofacial abnormalities. The studies described 
in chapter 4 revealed delayed postnatal growth, eye opening, ear opening, and 
upper incisor eruption in Ehmt1+/- compared with wildtype mouse pups, indicat-
ing a delayed postnatal development. Furthermore, tests for muscular strength 
and motor coordination showed features of hypotonia in young Ehmt1+/- mice. 
Lastly, we found that Ehmt1+/- mice showed brachycephalic crania, a shorter 
nose, and hypertelorism, reminiscent of the craniofacial dysmorphisms seen in 
KS. A gene expression analysis in these mice revealed a significant upregulation 
of the mRNA levels of several bone tissue related genes. This upregulation was 
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associated with decreased histone H3 lysine 9 dimethylation levels (H3K9me2), 
the epigenetic mark deposited by Ehmt1, in the promoter region of these genes. 
These data showed that the Ehmt1+/- mice recapitulate all KS core features and 
can be used as valuable mammalian model for this disorder. In addition, the 
increased expression of bone developmental genes in the Ehmt1+/- mice likely 
contributed to their cranial dysmorphisms and may be explained by diminished 
Ehmt1-induced H3K9 dimethylation.
Since Ehmt1+/- mice display both developmental and behavioral deficits, the 
Ehmt1 protein probably plays an important role in brain development and neu-
ronal functioning. In chapter 5 we compared brain morphology and layering of 1, 
3, 10, and 20 months old wildtype and Ehmt1+/- mice, however we did not observe 
gross morphological differences. Subsequently we investigated the spatial and 
temporal expression of Ehmt1 in the mouse brain. Immunocytochemistry experi-
ments revealed that Ehmt1 is present in all parts of the brain in adult and aged 
mice. Interestingly, we observed significantly higher expression of Ehmt1 in the 
subgranular zone compared with the granular layer cells of the dentate gyrus. 
This was observed in 1, 3 and 10 months old mice, suggesting that Ehmt1 might 
be higher expressed in neuronal stem cells, which localize to the dentate gy-
rus subgranular zone. Accordingly, western blot analysis revealed a significantly 
higher Ehmt1 expression in the olfactory bulb, a tissue with many newborn cells 
throughout adulthood. Together, these data showed that Ehmt1 is expressed 
throughout the brain without any obvious effects on overall brain morphology. 
Furthermore, Ehmt1 is highly expressed in the dentate gyrus subventricular zone 
and olfactory bulb, indicating that this protein may play a role in neuronal stem 
cells and/or newborn neurons.
In conclusion, the Ehmt1+/- mice recapitulate many features of KS patients, 
including ID, general developmental delay, childhood hypotonia, craniofacial dys-
morphisms, hypoactivity, and autistic-like features. These mice therefore repre-
sent a valuable mammalian model for this disorder. Furthermore, studies with 
brain and bone tissue of the Ehmt1+/- mice suggest that Ehmt1 controls the ex-
pression of many different genes. We observed an increased RNA expression of 
several bone genes in Ehmt1+/- cranial tissue. Also, RNA expression analysis of 
hippocampal brain tissue has provided preliminary support for the notion that 
neuronal genes are controlled by Ehmt1 (H. Zhou, personal communication, data 
not in this thesis). Thus, gene dysregulation caused by alterations in H3K9me2 
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levels due to Ehmt1 haploinsufficiency may be a plausible explanation for the 
observed phenotypes in Ehmt1+/- mice. Hopefully, future studies with the Ehmt1+/- 
mice will advance toward understanding disease pathology and eventually the 
development of therapeutic strategies for patients with KS and possibly other 
neurodevelopmental disorders.
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Samenvatting
Mentale retardatie (MR), ofwel verstandelijke beperking, heeft een wereldwijde 
prevalentie van ongeveer 2% en kan worden veroorzaakt door vele genetische 
of omgevingsfactoren. MR kan voorkomen in een syndromale vorm, waarbij de 
patiënt additionele mentale en/of lichamelijke kenmerken heeft, of in een niet-
syndromale vorm, waarbij het het enige symptoom is. Door de hoge prevalentie 
en de levenslange medische implicaties, is het belangrijk om inzicht te verkrijgen 
in de verstoorde moleculaire mechanismen die aan MR ten grondslag liggen, om 
zo mogelijke therapieën te ontwikkelen. 
Kleefstra syndroom (KS) is een syndromale vorm van MR, met als belangrijkste 
kenmerken: matige tot ernstige verstandelijke beperking, vertraagde ontwikkel-
ing, spierzwakte op jonge leeftijd, en schedel- en gezichtsafwijkingen. Daarnaast 
kunnen hartafwijkingen, urinewegafwijkingen, genitale afwijkingen bij mannen, 
ernstige luchtweginfecties, epilepsie, slaapstoornissen, afwezigheid van spraak, 
autismeachtige kenmerken, en extreme apathie of catatonieachtige kenmerken 
ook voorkomen bij deze patiënten. Dit syndroom wordt veroorzaakt door deletie 
of mutatie van één van de twee kopieën (haplo-insufficiëntie) van het Euchroma-
tine histon methyltransferase 1 (EHMT1) gen. In elke cel van ons lichaam zitten 
histonen waar het DNA omheen gewonden is. De N-terminale delen van deze 
histonen steken uit aan de buitenkant van dit histon-DNA complex en kunnen 
gemodificeerd worden. Het EHMT1 eiwit kan de lysine op positie 9 van het N-
terminale deel van histon H3 mono- en dimethyleren. Dit is een epigenetisch 
merkteken dat geassocieerd is met het onderdrukken van transcriptie. Haplo-in-
sufficiëntie van het EHMT1 gen zal dus waarschijnlijk resulteren in een verkeerde 
regulatie van genexpressie.    
De mechanismen die ten grondslag liggen aan de vele kenmerken van KS zijn 
nog onbekend. Deze moeten worden opgehelderd zodat er mogelijke therapeu-
tische strategieën kunnen worden ontwikkeld. Onderzoeken in mensen hebben 
slechts beperkte mogelijkheden om fundamentele mechanismen van hersenafwi-
jkingen te verklaren. Diermodellen zijn daarom zeer waardevol voor onze kennis 
en begrip van het ziektemechanisme. Het Ehmt1 gen in muizen is zeer vergeli-
jkbaar met het humane EHMT1 gen, met een 97% homologie in de aminozuur 
volgorde. Daarom hebben wij ervoor gekozen om de Ehmt1 heterozygote knockout 
(Ehmt1+/-) muis als een zoogdier model te gebruiken voor KS. Met behulp van deze 
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muizen wilden we meer inzicht verkrijgen in de functie van het Ehmt1 eiwit, met 
de focus op de rol van dit eiwit in neuronale functie en gedrag. Hiervoor, heb-
ben we deze muizen gekarakteriseerd op het gedrags-, histologische en cellulaire 
niveau. 
Onze initiële studies wezen in de richting van veranderd exploratie/angstge-
drag bij de Ehmt1+/- muizen. Daarom hebben we onderzocht of de autismeachtige 
kenmerken van KS patiënten ook gezien werden in deze muizen, door een reeks 
gedragstesten uit te voeren. Zoals beschreven in hoofdstuk 2, lieten de Ehmt1+/- 
muizen verminderde activiteit en exploratie, en verhoogd angstgedrag zien 
vergeleken met wildtype muizen als ze blootgesteld werden aan een nieuwe om-
geving in de open veld test, voorwerp exploratie test, knikker begraaf test, licht-
donker box, spiegelkamer en T-maze test. De Ehmt1+/- muizen lieten ook vermin-
derd sociaal speelgedrag zien met muizen uit een ander nest, en een vertraagde of 
afwezige sociale reactie wanneer ze werden blootgesteld aan onbekende muizen. 
Deze resultaten wijzen erop dat de hypoactiviteit en autismeachtige kenmerken 
van KS patiënten worden nagebootst in de Ehmt1+/- muizen. 
Patiënten met KS hebben een verminderd cognitief vermogen, wat zich uit in 
een matige tot ernstige verstandelijke beperking. In hoofdstuk 3 hebben we laten 
zien dat, in overeenstemming hiermee, de Ehmt1+/- muizen defecten hadden in 
angstextinctie leergedrag, en in het herkennen van nieuwe en verplaatste objec-
ten. Deze leren en geheugen defecten waren geassocieerd met een significante 
vermindering van dendritische vertakkingen en het aantal volwassen spines in 
hippocampale CA1 pyramidaal neuronen van Ehmt1+/- muizen. Een uitgebreide 
analyse van de electrofysiologische eigenschappen van de CA3-CA1 synapsen 
toonde geen verschillen in basale synaptische transmissie of theta-burst geïn-
duceerde long-term potentiation. Daarentegen lieten Ehmt1+/- neuronen wel een 
significante verhoging van paired-pulse facilitation en een verlaging van de min-
iature excitatory post-synaptic current frequentie zien, wat tezamen een mogelijk 
defect in presynaptische neurotransmitterafgifte impliceert. Deze data tonen aan 
dat, in de muis, haplo-insufficiëntie van het Ehmt1 gen leidt tot verminderde pr-
estaties in een aantal leertesten en tot veranderde morfologie en functioneren van 
hippocampale synapsen.       
Naast MR hebben patiënten met KS nog drie andere hoofdkenmerken, namelijk 
een vertraagde ontwikkeling, spierzwakte op jonge leeftijd, en schedel- en gezich-
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tsafwijkingen. De in hoofdstuk 4 beschreven studies lieten zien dat, vergeleken 
met wildtypes, Ehmt1+/- muizenpups vertraging hadden in postnatale groei, oogo-
pening, ooropening, en het doorkomen van de bovenste snijtanden, wat aangeeft 
dat ze een vertraagde postnatale ontwikkeling hebben. Verder toonden testen 
voor spiersterkte en motorische coördinatie dat de jonge Ehmt1+/- muizen ken-
merken van spierzwakte hebben. Als laatste vonden we dat de Ehmt1+/- muizen 
een bredere schedel (brachycephalie), kortere neus, en wijder uit elkaar staande 
ogen (hypertelorisme) hadden, in overeenstemming met de schedel- en gezicht-
safwijkingen van KS patiënten. Een genexpressie analyse in deze muizen liet een 
significante verhoging zien van de hoeveelheid mRNA van een aantal botweefsel 
gerelateerde genen. Deze verhoging was geassocieerd met een verminderde histon 
H3 lysine 9 dimethylatie (H3K9me2), het epigenetische merkteken dat Ehmt1 
plaatst, in het promotorgebied van deze genen. Deze experimenten toonden aan 
dat de Ehmt1+/- muizen alle hoofdkenmerken van KS nabootsen en dus gebruikt 
kunnen worden als een waardevol zoogdiermodel voor deze ziekte. Daarnaast 
heeft de verhoogde expressie van botontwikkelingsgenen in de Ehmt1+/- muizen 
waarschijnlijk bijgedragen aan de schedelafwijkingen, en kan mogelijk verklaard 
worden door de verminderde H3K9 dimethylatie.  
Omdat Ehmt1+/- muizen zowel ontwikkelings- als gedragsdefecten hebben, 
speelt het Ehmt1 eiwit waarschijnlijk een belangrijke rol bij hersenontwikkel-
ing en -functie. In hoofdstuk 5 hebben we de morfologie en gelaagdheid van de 
hersenen van 1, 3, 10, en 20 maanden oude wildtype en Ehmt1+/- muizen met 
elkaar vergeleken, maar vonden geen algemene morfologische verschillen. Ver-
volgens hebben we gekeken naar de tijds- en locatieafhankelijke expressie van 
Ehmt1 in het muizenbrein. Immunocytochemische experimenten lieten zien dat 
Ehmt1 aanwezig is in alle delen van het brein van volwassen en oude muizen. 
Een interessante bevinding was dat in de subgranulaire zone van de gyrus den-
tatus een significant hogere expressie van Ehmt1 aangetoond kon worden in 
vergelijking met de granulaire laag. Dit was te zien in 1, 3, en 10 maanden oude 
muizen, en suggereert dat de expressie van Ehmt1 mogelijk hoger is in neuronale 
stamcellen, die zich in deze subgranulaire zone van de gyrus dentatus bevinden. 
Naast deze bevindingen, toonde een western blot analyse aan dat de bulbus ol-
factorius, waar zich in volwassen muizen veel nieuwgeboren cellen bevinden, ook 
een significant hogere expressie van Ehmt1 had. Tezamen geven deze data aan 
dat Ehmt1 in alle delen van het brein tot expressie komt, zonder duidelijke ef-
fecten op de algemene morfologie. Verder komt Ehmt1 hoog tot expressie in de 
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subgranulaire zone van de gyrus dentatus en de bulbus olfactorius, wat een mo-
gelijke indicatie is voor een functionele rol van dit eiwit in neuronale stamcellen 
en/of nieuwgeboren neuronen.    
Concluderend kunnen we stellen dat de Ehmt1+/- muizen veel kenmerken van 
KS patiënten nabootsen, namelijk: MR, vertraagde ontwikkeling, spierzwakte op 
jonge leeftijd, schedel- en gezichtsafwijkingen, hypoactiviteit en autismeachtige 
kenmerken. Deze muizen zijn dus een waardevol zoogdiermodel voor deze ziekte. 
Bovendien suggereren onze studies met brein- en schedelweefsel van de Ehmt1+/- 
muizen dat Ehmt1 de expressie van veel verschillende genen kan reguleren. We 
hebben een verhoogde RNA expressie van een aantal botgerelateerde genen gemet-
en in Ehmt1+/- schedelweefsel. Daarnaast ondersteunt een RNA expressie analyse 
in hippocampus breinweefsel de hypothese dat neuronale genexpressie wordt ge-
reguleerd door Ehmt1 (H. Zhou, persoonlijke communicatie, data niet in dit pro-
efschrift). Dus, disregulatie van genexpressie door veranderde H3K9 dimethylatie 
als gevolg van haplo-insufficiëntie van het Ehmt1 gen, is een plausibele verklar-
ing voor de waargenomen fenotypes van de Ehmt1+/- muizen. Hopelijk zal er door 
vervolgstudies met deze muizen meer informatie komen over het onderliggende 
ziektemechanisme en uiteindelijk de ontwikkeling van therapeutische strategieën 
voor patiënten met KS en mogelijk andere neuronale ontwikkelingsziektes. 
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